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CHAPTER 1 - SCOPE, OBJECTIVES, AND BACKGROUND

Sec. 1.1 - SCOPE OF THIS WORK

Purpose of this work is to formulate, within the frame-
work of a thermal theory, basic laws governing the nonlinear
dynamics of solid propellant burning. This implies that:

{1) findings cshould be readily extended to other cases
of heterogeneous combustion; in particular the results
are not dependent on the nature of solid propellant.

(2) new flame models are not being proposed, rather a meth-
od is offered to judge how good any unsteady flame mod-
el is.

(3) information regarding steady state solutions is found
as a particular case.

(4) interactions combustion/fluid-dynamics (e.g., in a rock-
et combustion chamber) are not considered.

By making the usual set of assumptions (see Sec. 2.1), one
is reduced to study the stability properties of the nonlinear
heat conduction equation in the condensed phase (the standard
Fourier partial differential equation with time~varying boundary
conditions). This is done by an approximate analytical technique,
but keeping the nonlinearity of the problem. It will he shown
that a nonlinear algebraic function, called static restoring
function, can be determined defining nonlinear static and dynam-
ic burning stability boundaries for finite size disturbances.
These boundaries are valid for any kind of transient burning
(e.g., depressurization or deradiation).

No attempt is made to explain or predict the steady flame
structure of burning propellants. This is supposed to be assign-
ed in terms of burning rate vs pressure (experimental data) and
flame temperature vs pressure (thermochemical equilibrium compu-
tations). This information, in addition to a proper flame model,
is enough to define the fundamental nonlinear burning stability
properties of solid propellants.

This stability analysis can be applied to any flame model
and solid propellant composition, but the actual numerical values
do depend on the specific flame model and solid propellant compo-
sition chosen. The results can be verified by computer simulation
(i.e., by numerical integration of the basic set of governing e-
quations) and/or experiments. While plenty of computer results
are already available, the experimental part of this work starts
just now to provide results. L

This final technical report comprehends and supersedes
the previous annual technical reports. The oppartunity is
taken to review the theory and summarize most of the nume-
rical and experimental findings by our research group. The
complete literature so far published by this group is listed
as Refs. 1-19.




Sec. 1.2 - OBJECTIVES AND PLAN OF PRESENTATION

1 Consider the physical system of Fig. 1a representing

2 a strand of solid propellant, subjected to a radiant flux

] impinging with instantaneous intensity (1-r)-I, (t) on its
surface, burning with instantaneous rate R(t) in a semi-
closed vessel at instantaneous pressure P(t) and ambient
temperature T__.The overall problem of transient solid

: propellant combustion consists of predicting the burning

' rate history in time,

Specific objectives of this study are:

(1) distinguish between static and dynamic burning regimes.
(2) define and evaluate nonlinear static stability bound-
aries.
(3) define and evaluate nonlinear dynamic stability bound-
aries,
_ (4) define and evaluate nonlinear pressure deflagration
‘ limit. !
(5) predict number and nature of static solutions.
(6) predict dynamic extinction, including overstability,by
fast depressurization and/or deradiation.
{7) predict self-sustained oscillating burning regime.
{(8) is there a univocally defined ignition boundary?
(9) what is the influence of the implemented flame model
on the above predictions?
1 (10) what is the influence of the implemented integral meth-
od on the above predictions?
. (11) numerical and experimental verifications of the above ]
K predictions.

First, a literature survey of the problem is offered
in Sec. 1.3. Then, the basic set of assumptions and equa-
tions is illustrated in Secs. 2.1 - 2.3; the transformation
of the PDE into an approximately equivalent ODE is performed
in Sec. 2.4; properties of the resulting nonlinear algebraic
restoring function are discussed in Sec. 2.5. Static and
dynamic burning stability are respectively treated in Sec.

. 2.6 and Sec. 2,7; the self-sustained oscillating regime is

. illustrated in § 2.7.3. The point on the status of the

3 theory is made in Sec. 2.9. Numerical computations verify-
L ing the analytical predictions are reported in Sec., 2.8,

' Experimental results are summarized in Ch. 3 (ballistic ex-
periments) and Ch. 4 (laser based optical techniques). Con-
clusions and suggestions for future work are collected in j
Ch. 5.

o
%

."] References, nomenclature, tables and figures are given
i

at the end of Ch., 3 (ballistic studies) and Ch. 4 (laser {
techniques). 4




Sec, 1.3 - LITERATURE SURVEY

The question of solid propellant burning stability in
general and dynamic extinction in particular has been well
debated in the relevant literature (Refs. 20-77), but few
works have been really constructive. The erroneous applica-
tion of the guasi-steady gas phase assumption, the strong
limitations of linearized theories, and the empirical na-
ture of most of the proposed extinction criteria are the
most serious drawbacks in this area.

In this work, quantitstive criteria for nonlinear stat-
ic and dynamic stability of burning propellants are defined
by means of flame models. The integral method of Goodman
(Ref., 78) is implemented in order to apply known mathematical
methods to the resulting approximate ODE formulation of the
problem. The same method has already been applied (Ref.76)
to particle burning; somewhat simpler use has been made at
Princeton (Refs. 79-80) on solid propellant rocket engines.,
The concept of using the simpler ODE formulation of the pro-
blem, instead of the ODE one, is relatively common in Soviet
literature. However, the method of transformation is rather
different; an interesting review of the mathematical problem
was made by Gostintsev (Ref. 81). The approach has been ap-
plied mainly to ignition, unsteady burning, and stability
problems. Remark that the Scviet approach differs not only
in the mathematical details, but especially in the structure
of the physical model. Instead of usinog a flame model, the
Soviet investigators resort to the Zeldovich method (e.qg.,
see Ref. 47), consisting of constructing the instantanceous
thermal gradient at the condensed phase side of the burning
surface from experimental steady state data. However, this
method is useful in establishing intrinsic stability bounda-
ries, but in principle cannot be extended to obtain stabili-
ty boundaries.

§ 1,3.1 - Nonlinear Dynamic Extinction by Fast Depressurization

At Politecnico di Milano several years of efforts (Refs.
1-19) were dedicated to the question of dynamic extinction
driven by fast changes both of pressure and/or radiation.
Following a line of research initiated at Princeton (Ref. 3),
an original approach, based on a nonlinear burning stability
analysis, was developed within the framework of a thermal
model of thin (quasi-steady) heterogeneous flames (Refs.1-3).
This analysis was applied to the specific problem, among o=
thers, of predicting the minimum burning rate (lower dynamic
stability point), in function of pressure, under which ex-
tinction of the burning solid propellant necessarily occurs
independently on its past history (Ref. 4). The limiting
burning rate is a property strictly dependent on the nature
of the reacting substance; but it is affected by the operat-
ing conditions, such as pressure, ambient temperature, and
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heat exchange with the environment. This extinction cri-
terion, suggested in 1975, is valid instantaneously for
any monotonic decrease in time of both pressure and/or ra-
diation. Improvements and extensions of the proposed theo-
ry,including numerical and experimental checks, are under
progress (Refs. 9-19). '

Although dynamic extinction might occur under a varie-
ty of conditicns, due to the pioneering work of Ciepluch
(Refs. 20-22) in 1961, only dynamic extinction by depres-
surization appears largely analyzed both experimentally
and theoretically (Refs. 20-57). Unfortunately, the under-
standing of this phenomenon is still little satisfactory.
No criterion whatsoever is found in the literature for the
case of dynamic extinction by fast deradiation reported
by the Princeton group (Refs. 58-59). Ciepluch (Refs.20-22)
conducted one of the first systematic experimental studies
of depressurization transients in a laboratory combustion
chamber closely simulating conditions of an actual motor.
Fast depressurization was obtained by suddenly opening a
chamber vent hole. Initial chamber pressure in the range
34 to 82 atm and ambient pressures down to 3.5 mm of mer-
cury were explored. The burning transient was followed by
measuring simultanecusly combustion Jluminosity (primarily
in the visible range) and chamber pressure. Several AP-based
composite propellants were tested; few data on double-base
compositions were also reported. The following conclusions
were reached:

(1) a critical depressurization rate exists below which
burning continues and above which extinction occurs.

(2) the critical depressurization rate increases linearly
as the chamber pressure prior to venting increases.

(3) the critical depressurization rate is substantially
affected by the propellant composition,

(4) reignition may follow extinction if the depressuriza-
tion is not too fast and/or nozzle back pressure is
not too low.

For a critical review of papers on dynamic extinction
by depressurization offered until 1969, the reader might
consult Merkle (Ref. 29). Papers dealing mainly with rocket
engine extinguishment, rather than just a semi-closed vol-
ume (no combustion/fluid-dynamics coupling), are neglected
in this review. The papers by Von Elbe (Refs. 23-24) should
be noted; an analytical expression given by Von Elbe for
the critical depressurization rate has been rather widely
used, Although later proved wrong by Merkle (Ref. 29) and
Krier (Ref. 42) on different arguments, this expression
for dynamic burning rate
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(1.3.1.) %(t) = .;I ,71 + 2_0N a_c dP(t
| P(t) K7 dt

l—'
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and others of the same nature are still being used, mostly
for practical applications. In particular, the critical de-
pressurization rate is given by

(1.3.2) __ae)] _ 1 R 87
dt lr 2 n Oe

being Q the steady, unperturbed burning rate. This and simi-
lar expressions are meaningless from our point of view. A de-
tailed critical review of this type of oversimplified transi-
ent burning models was given by Krier (Ref. 42), who gecneraliz-
ed the previous expression for dynamic burning rate

S a
(1.3.3) g{(t) = g{ 1 + ¢ n _c dP_(t)
"P(v) R at

being’y = const for several invastigators (e.g.ﬁ’= 2 in Refs.

23-24). Krier analytically showed that actuaii; " is a func-
tion of burning surface properties and pressure jump,and that
this function can be computed a priori for each propellant. How-
ever, relationships of the type of Egq. 1.3.3 are restricted to
small values of dP(t)/dt and small excursion of R(t) with res-
pect to ¢. Therefore,they are of no use for dynamic extinction
problems.

Two excellent contributions should explicitly be mentioned.
Merkle (Ref.29) pointed out several mistakes crent in the literature,
furnished a new quasi-steady flame model and recognized that dy-
namic extinction depends on the entire P(t) curve. However, he
did not formulate an extinction critericon, since a critical val-
ue of surface temperature (T = 600 K corresponding to ©g = 0.43
for the propellant AP/PBAA NO. 941 taken as datum case in this
study) was empirically picked up below which chemical reactions
are considered too weak to sustain the deflagration wave. A paper
by T'ien (Ref. 38), in 1974, is the only one aimed directly at e-
stablishing an extinction criterion for fast depressurization.
T'ien argues that heat losses are the mechanism for both static
and dynamic extinction of solid propellants; this view is not
fully shared in this instance. However, T'ien concludes (Refs.
38-40) that for depressurization transients, if the instantaneous
burning rate drops below the unstable burning rate solution at the
final pressure, extinction will occur. T'ien derives his quantita-
tive criterion from another study by him of flammability limits
of premixed flames under the influence of environmental distur-
bances (Ref. 39). A somewhat similar result has been found in
this investigation (Refs. 1-19), but by a completely diffecrent
approach.

The line of research evolved within the framework of ZzZeldo-
vich method (Refs. 43-44) is of limited value. Istratov et al.
(Ref. 45), in 1964, used an integral method in order to determine
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an approximate solution to the unstcady nonlinecar cnergy e-
quation in the condensed phase of a propellant burning with
constant surface temperature. Extinction was assumed to oc-
cur when the surface thermal gradient on thce condensed side
exceeds a critical value corresponding Lo the static stabili-
ty line. This is mistaken, since nothing can be said a priori
about dvnamic burning in a range of burning rate that is sta-
tically unstable. Novozhilov (Ref. 46), in 1967, improved the
previous model by considering & variable surface temperature
and recognizing that dynamic buvning is allowed also in the
range of paramcters where statically stable solutions are

not found. Extinction was then assumed to occur when the burn-
ing rate at the final pressurce drops below a limiting value cx-
perimentally established in nonstationary burning conditions.
This "ad hoc" criterion, if feasibie, would rely on very del-
icate experimental results.

The question of a possible early warning of extincticn
during a depressurization transient evaluated via the Zeldo-
vich method was cxamined in a papcer by the Princeton group
(Ref., 47) in 1971. The possibility was cheekod that the cross-
ing of the static stability boundary is sufficient to subse-
quently producc dynamic extinction. No clear answer to this
question was given. In our opinion the static stebility bcund-
ary has only secondary relevance in a dynamic situation. In-
deed, according tc the same Princcton reference, "the dvnam-
ic conditions of extinguishment tend to shift the stability
line" (pag. 257 of Ref. 47). Further extensive work in this
area (Ref. 43) failed to recach more significont conclusions.
FPinally Novozhilov (p. 216 of Ref. 49), in 1973, observed that
this "question requires certain information about the proper-
ties of the systom outside the area of smooth burning. Such
information cannot be obtained from cxperiments on stcady state
combustion. TI'or the calculation of unstecady conditions in the
unstable region it is necessary to draw on certain schemes of
combustion, which make it possible to predict the properties
of propellants beyond the static stability limit". Further
work by Soviet investigators (Refs. 50-56) offered fresh expe-
rimental information and thcoretical considerations, but fail-
ed to define a physically sound extinction criterion.

Experimentally, the results reported in Refs. 24 and 29
{(go/no-go boundaries), Ref. 32 (flame structure during depres-
surization), Ref. 34 (flamc temperature and emission spectra
during depressurization), Ref. 54 (condensed phase temperature
during depressurization) are the most intercsting. They allow
detailed and reliable comparison with analytical and numerical
results. Obviously, the most wanted result is the burning rate
history during depressurization transients. Unfortunately, no

"reliable data exist yet in this particularly difficult area of

investigation, although a large number of contributions have
been offered. For a good summary of the results so far obtained
and a critical discussion of the techniques implemented, the
reader might consult the excellent review given in Ref. 57.




Experimental results are often amhiguous to interpret
due to the intermlay and overlapping of several factors;
attenticn 1s preferably focused on data collected from la-
boratory burners (ranging from depressurization strand bur-
ners to simulated rocket combustion chambers) rather than
actual rocket motors where fluidynamic effects may be do-
minant. However, even results from laboratory burners are
not ecasy to compare due to: implementation of different ex-
tinction criteria, diagnostic toechniques,and operating con-
ditions; scattering of results; confused thceoretical guide-
lincs in data handling.

In the pioneering work by Ciepluch (Refs., 20-22) the
critical boundary between (permancent) extinction and conti-
nued burning was found,with a go/no~go technique,to be a
straicht line in the dP/dt vs Pj (initial pressure) lincar
plot. Further data were provided, among others, by Von Elbe
and McHale (Ref. 24) in an ecffort to substantiate Von Elbe's
theorctical predictions (Ref. 23). They tested three AP~based
conmposite propellants in a depressurization strand burner
(300 cm3 internal volume) furnished by frangible diaphragm
(ruptured by & solenoid driven plunger) and orifice plate to
control the denrcssurization rate., Flame luminosity in time
was monitored with a photodiode simultancously to pressure
decay; initial pressures from 33 to 5 atm were used. Von Elbe
and Mcllale plotted dP/dt vs P at extinction {(as determined by
zero luminosity); the critical boundary was found to be
straight in a 1lg/lg plot.

Merkle and Summerficld (Ref. 29) produced a rather com-
plete set of data by systematically testing several AP compo-
site and one catalyzed DB propellonts. 2 special laboratory
combustor was designed to minimize crosive burning effects
and to causec nonodimensional "cigarette” burning of the sam-
ple. Fast pressure decay was obtained by rupturing a double
diaphragm systrm, The ecxhaust gases initially pass through
both a primary (larae) nozzle and a secondary {(small) noz-
zle; the small nozzle controls the chamber pressure as long
as the diaphragmsremain in place. When the diaphragms are
removed, the small nozzle also is removed (being located in
the double diaphragm apparatus). By properly combining noz-
zles of different diameters, the initial pressure level as
well as the depressurization rate could be varied. Pressure
and light emission (as seen by a photomultiplier in the
visible) were simultaneously recorded. Extinction was con-
sidered to occur when zero light emission from the flame
could be observed. Initial pressures in the range 75 to 14
atm were explored. Venting was always to atmospheric pres-
sure; cecause of this, reignition was nearly always observ-
ed. The following conclusions were reached:

(1) the critical boundary between extinction (permanent or
temporary) and continued burning was found,with a go/
no-go technique,to be always straight in the dP/dt
vs P linear plot.




(2) increasing AP loading from 75% to 82.5% makes the pro-
‘pellant more than twice as difficult to extinguish (in
terms of initial. i.e. maximum, dP/dt).

(3) increasing AP particle size froin 45 to 180 um ({(unimodal
distributions) makes the propellant easier to extin-
guish (for a fixed locading of 75% AP),

{(4) little difference was obscerved when PBAA, PBCT, and PuU
binders (for a fixed loading of 80% AP) were tested.

(5) aluminum (16 um particles) addition up to 15% makes the
propellant slightly more difficult to extinyuish (for a
fixed compositicn of AP 77.5%/binder 22.5%); but the op-
posite is true for P; < 27 atm,.

It should be remarked that some of these conclusions (AP par-
ticle size and binder type cffects) may be in conflict with
other experimental studies in which, however,pcrmanent extinc-
tion was recorded. Merkle and Summerfiecld adopted the perma- |
nente extinction criterion only for the catalvzied DB test,
since no visible radiation can be detected from DB burning ,
at low pressures. They found that:
(6) the tested catalyzed DB propellant (N-5 composition)

= is much easier to extinguish than any of the tested AD

composite propellants.

Interesting and detailed obscrvations on the flame struc-
ture of composite propellants during depressurization were re-
ported by Selzer and Steinz in a serices of papers (Refs,
32-33). They showed that, regardless of the depressurization
rate, the flame intensity (as seen by spectral emission from
O, NH, CN, Na lines and carbon continuum) falls to zero soon
after the impact of the first rarefaccion wave on the burning
surface. This is pessibly followed by the appearance of an
incipient flame, after a time span of the order of the condens-~
ed phase thermal wave relaxation time, 1f the depressurization
rate is not tono fast. Marked pressurc oscillations are ohscrv-
cd when this secondary flame develops, the flame decay being
otherwise expcnential. The authors further claimed that the
adiabatic expansion of the flame quenches the active gascous
chemical reactions; this would explain why the first zcro in-

molten and not thicker than a few microns (for depressuriza- J
tion tests from 45 to 1 atm with AP 76%/PBCT 24% composition).

The implication is that the binder gasification is the first ﬂ
to suffer the effects of a pressure expansion. It was stres-
sed that during depressurizations AP may undergo important
postreactions in the condensed phase, which would distort the
O/F mixture ratio with respect to steady state and cause 3-D
effects.However, it was later concluded that more important

-3 tensity of flame radiation is noticed when the instantanceous

L pressure has dropped only to about 702 of the initial pres- 3
. sure, The average O/F mixturec ratio was observed to be higher

: i during some part of the transient burning than during steady

¢ state, due to preferential consumption of AP particles ex-

11 posed on the propellant surface; the binder surface looked

N
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steps are the easiness of gas reactions and the decomposi~-
tion mechanism of binder. Tt was finally confirmed, in a-
greement with Ciepluch (Refs. 20-22) and Merkle (Ref. 29),
that conditions at the end of the depressurization procoss,
i.e. the final shape of the pressure history and the cx-
haust pressure, can pe determining in extinction.

§ 1.3.2 ~ Nonlincay dyrawic cextincticn by fast doradiation

Studies on dvnamic extinction by fast deradiation
overlap with these on radiative jonition. Ohlemiller, a
Princeton University in 1970, first observed dynamic eoxcince-
tion by fast devadiation while constructing ignition map of
noncatalyzed DB (a NC composition} by a COp laser source,
previding up to 120 cal/cm?s at the taraget, in the rvande 3
to 34 atm of nitroagen. It scems that, independently, the di-
scovery was made in USSR by Mikheev in his Candidate’s Dis-
sertation appcared about at the same time (1970), but un-
available to this writcer. From successive work published in
the open literature, onc would quess that Mikhecv's data
concerned uncatalyzed DB propellants tested in a furnace at
low radiant flux (few cal/cm’s) at 1 atm of air or nitrogen.
Supporting evidence for the dynamic character of this pheno-

[N

menon and further cxperimental data were successively offcred

mainly at Princeton University (Reis. 3,58-59 ) and in USSR
(Refs. 60-63 and pp.173-187 of Raf., 64). The radiative pulsc
experiment on steadily burning propellants, reportcd in Ref.
58 , was suggested by Yu. A. Gostintscv during a stay at
Princeton University.

Theoretical considerations (Refs.58,60,62-63)were of-
fered mainly in the framcwork of 7Ze¢ldovich approach. How-
ever, just as in the case of dynamic extinction by fast de-
presuaurization, the Zeldovich stability boundary is not
meant to apply to transient burning stability. The dynamic
stability boundary for fast deradiation was shown to coin-
cide with that for fast depressurization in Ref. 1 ; de-
tails will be given later in 52.7.1. No other attempt to cva~-
luate the dynamic stability boundary for fast deradiation is known to this
author.

All successful experimental results collected at Prin-
ceton Univercity concern radiation by a 100 W continuous
wave, multimode CO, lascr emitting at 10.6 um in the far in-
frared. Cylindrical samples of propcllant were tested in a
strand burner with two optical windows for high spced cine-
matography and light cmission rccording (both visible and
infrared photodetectors were available). Two mechanical
shutters (of iris leaf type) provided a trapezoidal radia-
tion pulse, the action time of the shutters could be requ-
lated from 1 to 10 ms. Dynamic extinction of steadily buin-
ing samples (ignited by hot wire) subjected to lascer pulse
was observed for two DB uncatalyzed compositions, but it
could not be seen for the tosted DB catalyzed propellant
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(Ref., 58). Experiments were made up to 11 atm of nitrogen;
the minimum pulse length requireu for extinction, determin-
ed by a go/no-go techniguve, was found to increcasc with
pressure but decrease with radiant flux intensity; the ra-
diation cut-off time was 2 ms for all tests; expcriments

in air were not conducted; composite propellants were not
tried.

Ignition tests were periormmed, in the range 5 to 21
{(sometimes upto 34) atm cof nitrogen or air, for 12 propel-
lants representative of several classes (uncatalyzed and
cataliyzed D4, unmetallized and metallized AP composite,

HMX composite) both with lascr and arc image furnaces. Dy-
namic extinction asscciated witn ignition wos again observ-
ed only for several uncatalyzed DB compcsitions with 0, 0.2,
and 1% carbon addition (Refs. 3 and 59 ). Ignition bounda-
riecs, cdetceruined by @ go/no-go techniqgue, revealed an igni-
tion corridor bcecundcd essentially by two parallel straight
lines in the lg radiant heating time vs lg radiant flux ,
intensity plot. The lower boundary defines the minimum ex-~ .
posure time for sclf-sustainced flame propagation; it is

not affected by ambicnt atmosphere (air or nitrogen) and
vadiation cut-off time. The uppcr houndary defines the cri-
tical (i.e. maximum) cxposure time above which a radiation
overdriven flame extinguicshces when the external radiant
beam is removed; this boundary is strongly affected by the
ambient atmosphere (extinction occurs in air hut not in ni-~
trogen), pressure (increasing pressure widens the ignition
corvricdor), radiation cut-off time (slow cut—-off widens the
ignition corridor). For pressures less than 11 atm the ig-
nition corridor was totally wiped out. All this was con-
firmed by high speed movies and photodetcctors. However,
the same propellant cxtinguishable at the laser apparatus
could not be extinguished when tested, in similar operat-
ing ¢onditions, at an arc image apparatus. This used as
source a 2.5 kW high pressure xenon arc lamp with spectral
emission in the visible (similar to sunlight, peak near
0.55 um), except for some nonequilibrium high intensity
bands in the near infrared., Tests at the arc imagce appara-
tus were conducted only for ignition runs. The different
results obtained with noncatalyzed DB propellants with the
two radiative sources were mainly attributed to different
optical properties (volumetric absorption and scattering
are strongly wavelength dependent; noncatalyzed DB propel-
lants are much more opaque in the far infrared than in the
visible) and larger radiant flux cut-off time with the arc
image apparatus (about twice with respect to the laser ap-
paratus). Other minor differences were also operative: spa-
tial structure of the radiant beams (less sharp with the
arc image source), sample positioning (protruding from a
metallic holder at the laser apparatus but flush at the

arc image; this may cause heat sink effects), different
beam geometry (collimated and perpendicular for laser but
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converging and oblique for arc image). The different re-
sults between noncatalyzed DB vs catalyzed DB and AP com-
posite propellants, obscrved at both laser and arc imagc
apparatus, weoere attributed to different flame structure
(both catalyzeda DB and AP composite propellants feature
large heat feedback from the gas phase with respect to
hecat reclease at the hurning surface; this will be si:own

to be stabilizing) and differcent radiation interaction
with the combustion products (radiation is gently termi-
nated and cffectively lecrensed Ly carbonaceous filamenis
and particulate generated by the burning sanmples: tinis is
specially true for catalyzed DD propellants). however, it
is expected, in principle, that al? propellants shouvld ma-
nifestate dynamic extinction by fast deradiation if tested
in the appropriate range of opevating conditions.

To the best of the author's knowledge, the only eagi-
ly available Soviet paper with detailed crxperimental cata
on dynamic extinction by fast deradiation is the one by
Mikheev and Levashov (Ref, 61 ). Data reported concern a
DB composition, without and with carbon addition (1%), at
1 atm of nitrogen subjected to low (< 10 cal/cm?s) rcdiant
f£lux from an clectrically heated incandescent graphite
plate. Mechanical shutiors, with about 30 ms action time,
were usced to control the pulse length, Three types ¢ ox-
perimcnts wore porformed: ignition, radiation pulsc of pa-
rametrically varied duration on steadily burning somples,
radiation pulse of paramctrically varied intensity oin stea-
dily burning samples. ignition runs showed the famitior ig-
nition corridor just discussed (cf. Refs. 3 and 59). The
second experimnent showed a decrcase of critical (minimam
valuce leading to extinction) duration of radiant pulsce for
increasing fiux intensity. The third ewperiment showed cri-
tical (minimum value lcading to extinctioen) radiant flux
intensity increesing for increasing initial tcmperature
(ZOOC or 1OOOC) and for increasing transparency cof the
samplec,

Interesting experimental data on transient burning
and surface structure during and after deradiation were
provided by Mikhcev et al, in a successive papecr (pp.173-
187 of Ref. 64 ). They used an arc image furnace (the source
was a xenon lamp of 10 kW) capable of a radiant flux from
1 to 10 cal/cmw?s. Experiments on a DB propellant and pres-
sed nitrocellulose samples, both without and with 1% car-
bon addition, were carried out at 1 atm of air or nitrogen.
Mechanical shutters with an action time < 2 ms were used
to send trapezoidal (square as seen by samples with large
thermal and reacting layers relaxation times in the condens-
ed phase) radiation pulses on target, Ignition, fast dera-
diation, and fast irradiaticn experiments were performed.
A capacitive transducer system was set up to record the in-
stantaneous strand weight and, by inference, the unsteady




mass burning rate; the frequency passband of the system
was 0 to 250 Hz. With the DB + 1% C provellant (a=100 cm~1y
dynamic extinction was obscrved for tests in nitrogen; re-
ignition would occur for tests in 2ir; reidgnition would
not occur ior tests in air with restrictcd sampleeg; self-
sustained burning was coscillatory in character (16-20 Hz).
For the DB propellant without carbon addition (a=10 cm~1)
dyvanamic extinction could not be obtaincd (recall: masximan
radiant flux way 10 cal/ cm’s); sclf-sustained burring

was again ogscillatory {10 Hz). For both propellants, when
deradiation occured, the burninge surface was immediately
covered with a dense distribution (100% for DB 4 1% C and
50% for DB without carbon) of bubbles (0.1 mm diancter).
The authors suggested that this may be associated with

gas evolution breach, in the subsurface layer, causcd hy
ithe sharp burning rate decrcase, The authors further em-
phasized the multidimensional nature of phenomena occur-
ing at and ncar the burning surface; unsteady and nonuni-
form character of burning surfece, on microscale level,
even for steady combastion; low freguency (10-20 Hz) burn-
ing associated with condensed thermal wave relaxation time,
higher frequency (50 to 100 Hz) being prcobably associated
with local small scales of burning surface.

£ 1.3.3 - Nonlinear oscillating combustion

The original work of Huffington (Refs. 65-66) on chuf-
fing and cscillatory barning of cordite goes back to the
boeginning of the '50. Experimental results and a theoretical
interpretation, in terms of condensed phase thermal exvlo-
sion, were civen for both phenomena. The proposed mechanisn
for cscillatory burning of cordite is the successive explo-
sion, assisted by gas phase hoat fecdback, of discrele sur-
face layers of decreasing thickness with increasing pres-
sure, The Frank-Kamenctskii thermal explesion thecory (Ref.
67) wag extended to consider a monodinensional slab of de-~
composing cxplosive, cncloscd between two parallel walls,
with one sarface (hot boundary) subjected to a constant
rate of heat transfer while the other (cold boundary) is
maintained at a constant temperature. For cordite this tem-
peraturc was taken as the melting temperature (460 K); for
other cases it was just the ambient temperature. The solu-~
tion determines, for a given heat transfer rate to the burn-
ing surface, the critical slalb thickness and surface tempe-
rature above wnich the volumetric decomposition develops to
explcsive rates. These critical values were found to depend
on the dimensionless parameter E_/QT_ ,being E_ the activa-
tion energy of the distributed exothermic rcaction (assumed
of Arrhenius type) in the condensed phase and T__the cold
boundary tempcraturce. The theory was quite successful in
predicting, at 20 atm, a thickness of Jayer burnt off in a
single explosion of about 50 um and a frequency of about 40
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Hz.This thceoretical approach,renarkable 25 vears aqgo,suffers
today the known limitations of the Frank-Kamenctokii type of theory.

A relatively lavge amnount of work on oscillatory burning
of scveral reactive weterials, including DB and AP-bhasod compro-
sitce propellant, was poerlormed by Sovielt investigators. b good
review, mostly focuzed on the theoretical aspects of thic quer-
tion, is contained in dNovozhilov's monograph on solid propeltiont
burning (ilei. 4%). In particwlar, & npunmerical solution for the
unstoeady propagation of an exothormic reaclion front in a gas-
less systewn (condensed phase cnevov equation coupled with a dis-
tributed chomical reaction rave worm of Arvchnius type) wes
given in 1271 (ef, 68). The yalbor vagque mechanism invohed by the
authors, to explain the oscillating combustion observed under a
wide combination of the relovant prramcters, relies on the "ex-
cess enthalpy" of the steadily propagating combusticoa front as
compared with the centhalpy of the initial material. Libvrovich
and Makhviladze (Rof. 69) took up this probteqa iu 1974; they
simplificed the gasless systoem by considering a collapsed choemi-
cal laver separating the inilial material from the combusticn
products. An analytical sclution was {ouna via an integral med -
od (fourier tronsform) aond succesasiully comparoed with the provi-
ous numerical solution of Ref. ¢8. 1In koth cases an increcce of
the activation cuecgy was [ound to increcasc the pericd of the o-
scillating conbuction rate and the amnunt of movenent of the o=
action front during once osciltlation, but decrease the meen veio-=
city. Fregquencics were of the order of scveral 10 Nz, fhe oscii-
lating mechanism, according Lo Librovich and Makhviladze,congisi
of a succession of fast burn~up of unrcactoed bul heatced laycors,
each requiring a prolonged thermal time lag for the ignition to
occur.

i

Experimental results on sclf-sustained oscillatory combus-—

tion of pure and metallizoed DB nropellants, both in o strand Luaco-
netr and rocket combusticn chamber, were published by Svetlichny

et al. (ftlef. 70) in 1971. In the pressurce range 1-140 atm, combuo-
tion oscillations {revealed by radiation cniission and elcotrical
conductivity of che burning zonc) up to several 10 Uz were delcoui-
cd. The authors gualitatively ascribed these oscillations to un-
stablie theormal relaxation of the condensed phase heated layer.

I T

However, according to the same authors (Ref. 70), scli-su-
staincd oscillatory burning of the same DB propellants at proeo-
surc less Lthan 70 atmn is due to incomplete combustion. This aud
other oscillating mechanisperclatoed to burning peculiaritics
(c.a.incomplete burning invoked in Ref. 70 and inhomogeneitices
of the combustion wave in Refs. 71-72) are out of the scope of
this work. Oscillatory burning duc Lo combustion/fluid-dynamics
coupling {(ec.g., sce Ref. 73) is also out of the scopc of this 4
work. In this work self-sustainced oscillatory burning of exclusi- 1
vely thermokinetic character is considered for the wide class of b
heterogenecous combustion systems., 7t will be shown that this type
of oncillatory burning is mainly rclated to the prescnce of a }
strongly cxothermic chemical reaction in the condenscd phase
(colrapsced at the burning surface). Pressurce will be seen to fa-
vor stability. The combustion frequency, of the order of few
10-100 11z, will be found to increcasc with pressure. The charac-
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teristic burning rate spikes associated with these oscillatious
intuitively confirm the phvsicse] mechanisin suggested by Libro-
vich and Makhviladze (Ref. 069).

First detailed analytical predictions and numerical results,
for a2 modcl explicitiy considering the heterogencous burning
of a solid propeliant (quasi-stcady MTS [lame), were oifercd hy
De Luca (Refs. 2-3) in 1976. Other results and an interpretation
in terins of bifturcatichn diagrams were given hy De Luca (Refs.12,18)
latoer. Kooker and Helson (Ref. 74) numcerically confirmed Lhe
existonce of a self-sustained oscillatory buorning vegime for sol-
id oropellants (the guasi-steadsy KTSS lircarized flame model was
adopred}, but without making any attempt to predict the exislance
and the propertics of such a spocial regime. The assumption of
quasi-steady gas phase in these developments might be open to
criticism, ag righitly pointed out by T'icn (Ref. 75). Peters
(Ref. 76) nuwmerically observed self-sustained oscillaticons of
hybrid burning of porous sphoerical particles of combustible ma-
terial immersced in an infinite stagnant oxidizing atmophere by
solving, via an intecgral method (polynomial space dependence
of the relcevaast vasiables), the governing set of 5 ODE's. A ri-
gorous analytical treatment of the oscilloting corbustion asso-
ciatced with gasleoss burning of condensed systems discussed in
Refs. 08-09 was recently offered by Mathowski and Sivashinski
(Ref. 77). They shouved that apceriodically pulsating solution
ariscs ag a Hopf bifurcation from the uniformly propagating so-
lution, the bifurcation perameter being the product of a nondi-
mensional activation cvncergy and a factor meassurirg the diffe-
rence betweer nondimensionalized temperatures of unburned react-
ing material and the combustion preducts. The amwplitade, frequen-
cy, and velocity of the propagating pulsating front were also
computed (within the frumework of a nonlinear treatment).,
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CHAPTLR 2 ~ NOULINEAR THEORY OF SOLID PROPILLAND COMRUSTION

SA Ll

In this chopter an overview of the theoretical dovelop-
ments, both anclytical and numerical, concerning nonlirear
burning stability of sclid propellants is offered. I'irst the
basgic assumntions andg cquations are revised, then the tranc-
formation of tho governing PDE into an ODL is performcd.

This allows us to define static and dynamic stability proper-
ties of burning solid propellante. For the L1xst time with
respecl to previous reports by this research group:

(a) results obtained by using MTS, KTSS (hoth linearived
and nonlincar versions), K¢, and LC flame models are
compared,

(b)y the validity of the nonlinecar dynomic stebiliity boundavy
is extended to complicated forcing furnctions suvch as gi-
mul tanecous doeradiation and dopraegsurizaition, consecutive

deradiation and deprecsurization, radiation p.lses. ;
(c) the nonlincar stability theory includes now the case of
specific heat ratio not necescesily unity (Cg/CC Z 1) '

and the case of radiative heat loss from the burning sur-
face not noocescuvily zero (e ¥ 0).

{(d) the range of self-sustained oscillatory burning is inve-
sticated in detail both at large and low pressure.

(e) ncew concepts about thoe pressurce deflagratior limit are
1llustrated in detail,

(£) further results on ignition trx

nsients are presented,
S

a
Moreover, some detailed analyscs of the MTS, KTSS (both
linearized and nonlincecar versions), KZ, and LC flame models
are offered, Numerical compatations verifying most of the a-
nalytical predictions are shown. A section on the state of
the art of the nonlinear burning stability theory ends this
chapter. Bxperimental results from shock tube and depressu-
rization strand burner are reported in Ch, 3; experimental
results by laser techniques are reported in Ch. 4.
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i Sec. 2.1 - BACKGROURD AND NOMENCLATURE

The physical system dealt with is presented in its
most general form in the schematic of Fig. 1a. The vressure
of the vessel, the radiant flusx impinging on the surface of
the strand (originating exclusively from some external ener-
gy source), the ambient temperature measured at the cold
boundary of the propellant sample (supposed to be infinite-~
ly Jong), and any other parameter which can be controlled
in a known way from the outsidc of the vessel are designa-
ted as controlling parameters. i change of one or more of
. these controlling parameters will affect, in some way, the

state of the physical system and, conseguently, they are
alsoc called external perturbations.

On the other side, we designate as intrinsic perturba-
| tions sources all those "small" (in a sense to be specified)
irregularities and imperfections always present in the real
world but which are neverthelecss neglected in the idealized
. picture of Fig. 1a. For examnle, nonuniform comnosition
of the strand, impurities variuosly scattered in the conden-
sed phase, complicated geomectry of the burning surface, etc.,
all contribute to hopefully small kut persistent differences
of the actual phenomena from those described by mathematical
models.

' Whether the perturbation sources are external or intrin-
sic, the prior, supposedly unperturbed steady state profile
of temperature in the combustion wave will be modified to
some new verturbed unstcady profile. Let us define the di-
sturbance temperature profile as the profile of the point-

. by-point difference between the perturbed profile and the
“a original, unpcrturbed profile. The general problem of static
stability may be stated as follows: given a stationary sta-
: te of the phveical system, the system is forced to a closc
but nonstationary state and it is askcd whetner the system,
after a long c¢nough poriod of time, will go back to its ini-
tial state or will move away from it. In the specific physi-

: cal conficuration considered: in this study, it is asked whe- i
:ﬁ ther the disturbance temperature profile will die out in
'y time or noi. Mathematically, the problem is an initial va-
g - luc preoblem and is vsually described by a parabolic tyve of

“ partial differential cquation.

} It is of concern to disltinguish between static and dv-
v;: namic stobilitv., The gencral problem of dynamic stability
oo may be stated as follows: oiven an initial stationary state
>4 of the physical syetem, the svstem is forced to a different ;
3 (final) statioraryv state hy mecans of approoriate changes in

‘ time of pressure and/or radisant flux and it is asked whether

the systen, after a long enouqgnh period of time, will reach
the wanted final state or another(if existing)final state. In
other word:z, the stability of a system where intrinsic per-
+  turbation sources cxclusively are considered to be acting
(stability of a state) is called static.Conversely, the sta-

i




bility of a system in which the external controlling para-
»1 meters are changing in time and multiple final states ex-
L ist (stability of a transition) is called dynamic. It will
be shown that in the latter case the rate of change in time
P of the pressure, for example, is of fundamental importance
g ____ and this explains the expression "dynamic stability".
' In this research program, the ultimate objective is to
establish boundaries separatino recions of stabilitv Irom
those of instabilityv on _same convenicnt graphical plot . It
- will be shown that static and dynamic stability boundaries
. are different in nature.

Since the mathematical problem is formidable, no gene-
ral method has been found so far for solving the stability
problem in its various aspcects. Historically, a large arount
of work has been devoted to stability problems in fluid dv-
namics. A standard trcatment in this and related f{ields is
the linecarized apprcach, which is based on two essential as-
§ sumptions: disturbance quantities infinitesimally small and

a mathematical model (differential eguations, boundary con-
: ditions, and any other relationship) containing only distur-
bance quantities of first order. Under thesc hypotheces, the
problem reduces to an cigenvalue formulation whose mathema-
tical theory is very well develorced. Besides this standard
approach ,several other cpproximate and coften ad hoc methods
have been set up in various ficlds of anwvlied sciences. The
t reason for such a confusing state of affairs is escentially
one: the behavior of most physical systems is described by
nonlinear eqguations and nowadeays not only a mathematical
- theory encompmassing all types of nonlincarities, but even a-
h nalytical methods capable of dealing with snecific types of
nonlincarities, are not yet available.

In this study, in order to avoid the serious drawbacks

of any linearized trecatment, a nonlinear combustion stability

’ analysis by means of an apnroximate approach is coffered. Ba-
sically, the problem will be transformed from a PDE into an
ODL formulation via an integral method. WNotice that the vro-

. posed approach requires the implementation of a flame model,

. since Zeldovich method is of no help (sec Sec. 1.3). However,

- any flame model capable to describe quantitatively the heat

W feedback from the cas phase to the burning surface is in

principle acceptable. The choice of the flame modcel is at the op-

tionof the investigatoir. Obviously, the provosed stability

theory can only extract the stability prcoperties (both static

and dynamic) implicitly buried in any flame model. This fact,

in turn, might help in the choice of the best flame model

for a given combustion problem.

e, A
“bs. & il b o

A composite, ammonium pevchlorate based solid rocket
propellant, denoted as AP/PBAA No. 941, is taken as datum ca-
se throughout this revort. However, this by no means is meant
to imply that the approach is restricted to some specific
class of solid propellants. The physical and chemical proper-

ties of the propellant AP/PBAA No. 941 are listed in Tab.1.
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Sec, 2.2 ~ FORMULATION OF THE GENERAL QUASI-STEADY GAS

of
to

a)

b)

c)

@)

PHASE TPRANSILENT PROBLEM

Except where explicitly excluded, the following set
assumptions is valid throughout this work. With reference
Fig., 1:

Entire Strand.

1. Monodimensional.

2. Constant thermal, physical, and chemical properties.

3. At cold boundary, in thermal equilibriwn with ambient.

4, Subjected tc no external forces (acceleration, gravity,
electromagnetism).

5. No emission of radiation (only external radiation sources).

Condensed Phase.

1. Semi~-infinitc slab.

. Uniform and isotropic composition.

. Adiabatic, except at the burning surface.
. No chemical activity.

. No radiation scattering.

. No photochemical effects.

YU b

Intcerface.

1. Infinitesimally thin plane surface (collapsed condensed
phase reacting layer).
2. One-step; irreversible gasification process (pyrolysis).

Gas Phase.

1. Semi-infinite column of gas.

2. Mixture of thermally perfect gases of average molecular
weight i,

3. One-phase, laminar, nonviscous, strongly subsonic flow.

4. Adiabatic, except at the burning surface.

5. No interaction with (external) radiation.

6. Lewis number = 1, each chemical species has the same
specific hcat C_, mass diffusion in expressed by Tick's
law; therefore “the gas phase can be described by a sim-
ple thermal model (see Sec., 2.3).

7. Quasi-stecady behavior, with finite reacting layer thick-
ness.

The following set of reference parameters is used for

nondimensionalizing (with specific reference to the propel-
lant AP/PBAA No. 941 taken as datum case; see also Tab. 1):




ref

ref
ref

s,ref

H 3 X

f,ref

b

ref
tref
ref

ref

it

1

ty

- 19 -
68
300
R(pref) = 0.837
Ts(Pref)= 1000
- 2

Tf(Pref) 2430
ac/yf_ref =1.673 x 10

272 = -
ac/“ref 1.998 x 10
Cc(Ts,ref - Tref) =2

Q -

pcCc ref(Ts,ref Tre

atm

cm/s

> cm
3 s
31 cal/g

cal/cm?s

from which one gets the following nondimensional variables:

M 0 I A o> O X X

Q.

P/P
R/%

ref

ref

x/Xref

d/Xref

nondim,
nondim,
nondim,

nondim,

(1/aA)/Xref nondim,

t/tref
QS/Qre
Qf/Q

IO/I

re

xre
w/Iref

f

£

f

nondim,
nondim,
nondim,
nondim,

nondim,

pressure
burning rate

distance

thickness

absorption layer thickness
time

surface heat release

gas heat release

radiant flux intensity

conductive heat flux.

Notice that for the temperature, both of the following defi-
nitions are used according to need:

(2.2.1a)

(2.21b)

°)

Ty

T

Ty ~ Tres
Ts,.ref - Tref
T )

(

), ref

_ T T Tres
v ©.9. Op = F =T
s, ref ref
T
’ e_g. Tf=—T——£_—
f,ref
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where the choice of the particular definition depends on the
specific physical phenomenon being considered.

The general nondimensionral quasi-steady gas phase tran-
sient formulation includes the unsteady condensed phase pro-
blem (Eq. 2.2.2), relationships accounting for the surface
mass production (Egs. 2.2.3), the quasi-steady gas phase pro-
blem (Egs. 2.2.4 - 2.2.8), some auxiliary relationships assign-
ing the gas phase and burning surface heat release (Egs.2.2.9 -
2.2.10) and the time history of the controliling parameters
(Egs. 2.2,11 - 2,2.12). Obviocusly, the gas phase treatment is
not complete without the energy equation whose first integral
gives the heat feedback law; this is discussed in Sec. 2.3.

For details about the writing of the equations, the reader is
referred to Ref. 3.

r

-g-:?- + R -.2—)% = —;;2(—2 + NF_ £(X,2) IIPDE t20,X<0
0(X,T = 0) = assigned ) Ic
(2.2.2) O(X » ==,T) = 0__ BC2
Q9 -4 20 + (1-N_) (1-1,)F - &, (0_)
aX'¢c,s AC 3X'g,s t Ao 1'"s
( - R[Hl_ef + Cg_cc (1 - os)] BC

C

where the boundary condition BC1 at X=0 merely states the ener-
gy conservation at the burning surface (see Fig. 1b).

The specific form of the function £(¥,A) depends on the op-
tical model of the condensed phase (absorbing vs absorbing-
scattering) and nature of the external radiation source (mono-
chromatic vs polychromatic and collimated vs uncollimated). If
the impinging radiation is polychromatic, the burning surface
reflectivity r(A) in the boundary condition BC1 at X = 0 shall
be wavelength averaged; if the burning surface composition is
not uniform, r(A) shall also be surface averaged; if the burn-
ing surface is not a diffuse reflector, the angular dependence
of r(A) shall be taken into account. Details about the radia-
tion distribution in the condensed phase and, more generally,
about the derivation of Eg. 2.2.2 can be found in Ref. 7, for
example. For the common case of an optically transparent con-
densed phase, assumed absorking but not scattering, the fami-
liar Beer's law is cbtained

V=r
£(X,A) =

exp(X/Ga) X

/K
o

a

T TN U
) .

—




T

L MR ae b

Va s a

to be evaluated at the particular operating wavelength if ra-
diation is monochromatic.

In the boundary condition BC1 at X = O:
A

o s(‘P,R) = xﬂ (%%) s is the nondimensional heat feedback
g c g to be defined by a flame model;
ql(es) is the nondimensional heat loss from
the burning surface to be explicitiy
given;

Hrefis conventionally supposed nositive if endothermic;

N is a transparency factor (N _ =0 for opaque condenced phase

t and Nt = 1 for transparent condensed phase).

The last point deserves some comment. The hypothesis of
a collapsed reacting layer might irply in some cases that a
certain thickness of condensed phase is shrunken to an infi-
nitesimally small value. For consistency, the {(external) ra-
diant flux should be separated in a portion deposited directly
at the surface (as if the propellant were opaque)} and in a
{remaining) portion distributed volumetrically in the condensed
phase according to the proper extinction coefficient. The tra-
sparency factor N,_, therefore, should be set equal to the frac-
tion of radiant f&ux absorbed in the reacting layer when it is
thought of as extended. However, the extent and the very exi-
stence of a condensed phase reacting layer is an extremely con-
troversial question. In this study N is taken either as 0 or 1,
although this 1is not a necessity.

Heat losses from the burning surface typically occur by
radiative emission:

4 [H
o[Os(Ts,ref_Tref) + Tref:l - @a(Ts,ref—Tref) + Tref]

i -
chc “ref(Ts,ref Tref)

q,(0,) = ¢
being € the burning surface emissivity and o the Boltzmann
constant.

As to the surface mass production, the following combined
pyrolysis is used according to need both for steady and unsteady
states:

" -Esﬁﬂ 1
(2.2.3a) R = exp| T—————(§— - 1] Arrhenius, O, > Op
s, ref s
w
(2.2.3b) R = (0_ - 0) KTSS / 0 > 0o > 6
(2.2.3c) RrR=0 05 < O
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where Oy is some empirically defined minimum temperature

F under which the solid propellant undergoes no chemical acti-
vity. The power w is determined by matching the two pyroly-
sis laws at a given surface temperature, say 6s=0k, near the
ambient temperature. This formulation cf the pyrolysis law
allows us to avoid the "cold boundary difficulty" of the Arr-
henius expression.

Relationships for the quasi~steady gas phase include the

Li mass continuity
P
(2.2.4) u(X,r) = B;TXT?T R(T) *? 1

the momentum equation describing a trivial pressure distribu-
tion (possibly changing in time)

(2.2.5) v(X,T) = ¥(1) 3

the state equation (in dimensional terms)

(2.2.6)  B(t) = b (x,t) 2 2x,0) i

n

the integral energy balance assigning the quasi-steady flame

temperature
c 4
= £ - 39S .
(2.2.7)  eg(r) = o, + = (Q ) ;
T g
. an estimate of the (average) characteristic flame thickness
given by

(2.2.8) X. =R 71 p./P. =R T;e (kg/lc) (CC/Cg) =0T

£ re "¢’7g re

: where T, is a characteristic reaction time to be defined by a
= flame moSel.

The heat release in the gas phase can be assumed dependent
on pressure only

C
y \J = ) —-ﬂ B - ) H
(2.2.9) Q(v) os(\y) + Cc[ef(W) Os(‘il)] + H(¥)

being the pressure dependent portion of the steady net heat re-
lease at the burning surface defined by

_ Cy=Ce _
H(¥) = H_ ¢ + - o [1 - os(w)] .
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& The guantity Hyof has to be assigned independently and strict-
ly depends on the original condensed phase composition only.
For example, for the broad class of nonmetallized, AP composite
propellants (Ref, 82¢)

p(+ ch,AP * Qv,AP - QNH3/HC10A)+ (1-p) Qv,Binder
(2.2.10) Hre = -

£ -
Cc (Ts,ref Tref)

taking into account the:

(1) endothermic pincesses of AP crystalline transition from or-
thorombic to cubic at 240°C and AP dissociative sublima-
tion of zeroth order with respect to pressure.

(2) exothermic reacticns of thne premixed NH 3/HC104 flame due to
AP decomposition (this flame is so thln down to 1 atm that
it can be collapsed at the bu.ning surface).

(3) endothermic binder gasification.

The steady dependence of burning rate on pressure

R =R (V)

at standard conditions (300 K ambient temperature and adiaba-~
tic combustion) is assumed experimentally known. The steady
dependence of adiabatic flame temperature on pressure

Bf = '5f (W)

is assumed known from standard equilibrium thermochemistry.
For example, for the datum case considered (see Tab. 1), the
following relationship was found to hold up to 100 atm: in
dimensional terms

- - 20 -
Tgl(P) = Tf ref = 68 (Pres P)
where T = 2430 K and P = 68 atm (Ref. 29b), The steady

flame temp%rature in the présénce of an external radiant flux
can be obtained by the following integral energy balance in
the gas phase

-C (1-)F - &
O (T,F ) = B (¥) + —g*cg [Os(\p'FO) Os(w)] TR r )
o]

Finally, it is understood that:

(2.2.11) Y(T) externally assicrad

(2.2.12) Fo(t) externally assigned

according to the wanted transient burning.
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Sec, 2.3 - QUASI-STEADY FLAME MODELS

In order to define explicitly the function §_ _ (¥,R)
required for the BC1 of the PDE describing the trdASient
thermal profile in,the condensed phase (Eg. 2.2.2), a flame
model has to be chosen, It is emphasized that any flame mod-
el can be picked up. For the composite propellant AP/PBAA
No. 941 taken as a datum case, several flame models were test-
ed: MTS, KTSS (both developed by Summerfield and coworkers),
K2 and LC. These flame models are all thermal in nature and
invoke the assumptions mentioned in Sec. 2.2.

§ 2,3.1 - MTS flame

The model worked out by Merkle, Turk, and Summerfield
(MTS, Ref. 29) is basically a juidicious combination, based
on experimental data, of the diffusive and kinetic aspects
of the gas phase reactions. The model worked out by Krier,
T'ien, Sirignano, and Summerfield (KTSS, Ref, 83) can be seen
as a particular case of the previous one when the flame is
purely diffusion controlled. The MTS model will be used for
most of the theoretical developments of this report, For a
detailed knowledge of how the model is derived, the reader
is referred to the original Ref. 29b and zlso to Refs. 82,
84-85 treating the GDF theory from which the MTS flame mcdel
has evolved. Cnly qualitative comments will be offered here,

Any pattern of chemical reactions, no matter how compli-
cated, involves the two physically distinct phenomena of mass
diffusion and chemical kinetics. It is known from homogeneous
combustion thecory that quite often diffusion processes domi-
nate the kinetic processes in the sense that

T > 1

T
ai’ ki

or, conversely, the opposite extreme may be true. These two
limiting configurations are respectively known as diffusion
and premixed flames. For heterogeneous combustion, in parti-
cular of solid propellants, there are instances in which

the gas phase portions of the deflagration wave may be trea-
ted according to one of the above limiting configurations.
But, in principle, especially for transients connected to
large excursions of the controlling waramcters, the gas pha-
se trecatment of a heterogeneous combustion wave has to ac-
count for both processes. This was originally done by Sum-
merfield in his GDF theorv for the AP steady flame model. La-
ter, an extension was made for the AP quasi-steady flame mo-
del accounting for variable flame and surface temperatures.
Although derived for the specific case of the AP class of
propellants, the formulation of the MTS flame model is guite
general and may be adapted to other cases of heterogencous
combustion.




- 25 -

For the specific case of AP composite propellants,
the MTS flame model accounts not only for the granular dif-
fusion flame (GDF) of the oxidizer with the binder (Ref.29),

o but also for a distended premixed flame corresponding to the
AP decomposition products purning., In this study, the simpii-
fied version with the premixed flame collapsed at the burning
surface has been adoptcd. This assumption is acceptable
(p. 28 of Ref. 29b) for pressure values not lower than say,
1 atm. The most important parameter characterizing the gas
phase during a quasi-steady transient is the heat feedhack
to the burning surface. According to the (collapsed) MTS
flame model, the nondimensional heat feedback is

r VELN T .. 1-exp(~R2t' )-
(2.3.1) & = QR !-—_-—k—l- exp (-R27'__) + ,miif =<
g,S L/%' re /T' R2-r| _J

re re re

where T'ki is a nondimensional kinetic time parameter;

Ty . 1
1qi 1S

T! i
re 18
is

Following the

a nondimensional diffusion time parametei;

a nondimensional reaction time parameter;

given by an Arrhenjus-type pyrolysis law,typically.

MTS flame model development, we put

T E /R 1
(2.3.2) /T = A, oF exph:r——f-——— (7= - ]
L“ f,ref £ J

where a second order gas phase reaction has been postulated
to occur wholly at the highest temperature T _(p. 29 of Ref.
82a) and £

5/6
(2.3.3) /T =B, (re)¥

di

(v) V3 (TS)7/8

where the diffusional mixing rate of fuel pockets with the
surrounding atmosphere of oxygen-rich gases is assumed to
depend on the surface temperature Ts(p. 31 of Ref, 82a).

The two constants A, and B, are determined for each

propellant by the best fit of tMe steady state burning rate
theory to the measured burning rate data (p. 38 of Ref. 29b).
An application is shown in Fig. 2 for the propellant AP/PBAA
No. 941. In the spirit of he GDF theory, it is further as-
sumed (e.g., see p.

33 of RrRef. 29b) that the overall solid




propellant rcaction time parameter can be expressed as the
following simple combination of the two above limiting cases:

(2.3.4) /T_'re = /—;ia—i* /T

This relationship was shown to represent the pressure depen-—
dence of the burning rate quite accurately for a wide range
¢f composite propellants (Ref. 82) and also to describe the
depressurization extinction corrcctly for composite and, to
son oxtent, double base propellants (Ref. 29), However, it
should be recognized that the whole MTS approach depends on
the arbitrary assumption of Eq. 2.3.4 and the choice of the
A, and M, constants. How this choice is affected by the fit-
ting precedure mentioned above is illustrated in Fig. 2
(differnnt pressure intcrval) and Fig. 3 (different low end
of the pressure intcrval},

§ 2,3.2 ~ XTSS flame

A According to K'PSS flame model, the nondimensional heat
Teedback to the burning surface (Ref. 83) is

1-exp (-R2T' _.)

Q ai
2. Or = =
(2.3.5) qgrs R =
di
where ?'d. is an averadge nondimensional diffusion time para-
meter; i
R is given by a power pyrolysis law,typically.

Notice that the above XTSS heat feedback law, derived for a
diffusionally controlled AP flame, is a particular case of
the MTS heat feedback law where

[Tes [0 [

2 5/3
By (Tf) v const | 3

ai = 'di

(2.3.6) T . 4
(w) %3 (1) ™ (w)23

that is, when the diffusion time parameter is much larger
than the kinetic time parameter and is temperature indepen-
dent, Extensive experimental investigation (Ref., 82) shows
that for AP propellant flames the diffusional mixing is,
indeed, sensibly slower than the chemical kinetics as long

as the pressure is larger than sav, 1atm. It is also expected
(Ref. 29) that flame temperature undershoots during decele-
rated transients slow down the chemical kinetics much more
effectively than the diffusiconal mixing (compare Eg. 2.3.2

vs Egq. 2.3.3).
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In its linearized versicn, the nondimensional KTSS heat
feedback law is given by

(2.3.7) qg's (Y,R) = —=—

which is a particular case of the full expression (Eg.2.3.5),
when the further assumption is made that

(2.3.8) exp(-Rz?ai) << 1

corresponding to T§j very large but finite burning rate. The
constraint of Eq. 2.3.8 is usually valid for steady burning,
but is not acceptable in extinction traunsients, since under
this circumstance R+ 0 while f‘di remains finite and, there-
fore,

exp (-R*Ty;) ~ 1.0 .

Note: in the linearized version comnonly used, the nondimen-
sional KTSS heat feedback law is written as

2n
. , . n/w =
(2.3.9) qg S(‘L,R) = R [‘P + H(W):'

r

Then, by comparing Eq. 2.3.7 with Eq. 2.3.9, the average non-
dimensional diffusion time parameter can be evaluated

T _ Q 1
(2.3.10) t',. =
di = yan yn/w | ()

An essential ingredient for both MTS and KTSS flame models
is the experimental stationary R(¥)curve. The steady state
structure of the MTS and KTSS models are respectively shown in
Fig. 4 and "“g. 5 for the propellant AP/PBAA No. 941.It is worth-
while to reuwark that even the linearized version of the KTSS mod-
el can accurately reproduce the cxperimental stationary R(¥). A
comparison of the two plots shows no strong difference as to the
steady state behavior of the flame models under examination. Con-
sider now the quasi-steady behavior as plotted in Fig. 6 (MTS
model) and Fig. 7 (KTSS model). It is obvious that the linearized
KTSS model is physically unrealistic for low burning rate.

In summary:

(a) stationary or small perturbation solutions of the MTS and
KTSS (even linearized) flame model are similar at high nres-
sure, since in these instances only small changes in tempera-
ture and burning rate are considered;

{b) at low pressure and/or low burning rate, AP flame is kineti-
cally controllied and therefore should not be described by
the KTSS (even nonlinearized) model;

A e AR




(c) the KTSS linearized mcdel can never predict extinction
because the heat feedback law is found to be inversely
proportional to the burning rate.

§ 2.3.3 - KZ f;l_rllnc

According to KZ flame model, the nondimensional heat
feedback to the burning surface (Ref. 86) is

C.a_°* A C
) . Q "¢ “c wit) [ c g
(2.3.11) g =8 ¢ _cwir) - exp(- R — X)
s R C 2 A_C £
g g Pe e 1_ g “c
vhere
a_ - E /@
(
(2.3.12) = wgr) = const-WB(T)- exp (-~ E——*~—'%L)
Pe %ref f,ref £

is a nondimensional mass reaction rate per unit volume (®» is
measured in g/cm3s). The power B is the reaction order of the
overall, one-step, irreversible kinetics controlling the gas
phase heat release. Taking into account the quasi-steady mass
continuity, one can write

-~ - —_— ~r = — — - ]
{(2.3.13) T T g X C B R(T) Ty = R(T) Ty s
g ¢ g ¢ g

where T',., is an average nondimensional kinctic time parameter.
The heat Teedback is more concisely given by

Yl 2=1 ]

- ———— - - -1

(2.3.14) qg,s Z B L1 exp (- R4x kic

where R is assigned by an Arrhenius pyrolysis law and Z is a
constant to be evaluated for each propellant.

The further assumption of linearized behavior, i.e.

(2.3.15) exp(~ R2T' ) << 1

ki

requiring T'. very large but finite burning rate, was invoked
by the au{hovq (Ref. 86). In the version commonly used, the
heat feedback is

lPB(T)_

(2.3.16) qg'S(W,R) =2 )

Obviously, the sume comments made above with reference to
KTSS linearized flame are now in order. The authors suggest




to evaluate the constant Z from the initial (steady) con-
dition of the burning transient as

(2.3.17) 7 = RZ _1_'3_@_._.1_

Remark that in this way the flame model is not able to re-
cover the steady state results. Although the authors state
that the difference is not important, this is embarassing.
In this work, a different approach was taken: the constant
is evaluated at_cach pressurc in such a way that the expe-
rimental curve R{¥) is reprcduced

_ o (¥) + H
(2.3.18) 7 (¥) = R2(v) 5

v

Under these circumstances, K7 and XTSS linearized flame mod-
el are found to be identical from the point of view both of ;
heat feedback and burning stability. .

The KZ hcat feedback, derived for a kinetically control-
led AP flame, is conceptually a particular case of the MTS
heat fecdback when

I3 0

However, from a physical point of view this limiting condi-
tion scems more tyvpical of DB rathcer than AP-based solid
prepellants. ITn any ecvent, K72 formalism is similar to KTSS
since both models assume a distributed heat release of uni-
form value over the flame thickness X¢  (in both cases the
flame is supposced attached to the burning surface).

§ 2.3.4 - 1.C flame

According to LC flame model, the nondimensional heat
fecdback to the burning surface (Ref. 87) is

— C
R’ g B 1 1
2.,3,1¢ = | 2 - 1) +1 +H !
(2.3.79) qq,s R{t) {C_ A ( n_-n ) ! IEfJ
1+ \y 1ny
E /U
whore E = ;]T'-'——-‘-—-—
s,tef
T—m

nut
-t
..
—
-—
|
—

The pyrolysis law used by LC is a generalized version of
Arrhenius expression including a pressure dependence through
the power n_ (usually ns=0). With the nomenclature used in




Ref, 87, one finds for Eg. 2.2.3a

.
(2.3.20) R(t) = ¥ % exp !
L (o~ 1)

The pressure dependent portion of the heat feedback law,
assumed the samec as in the steady state, is embodied in

Eq. 2.3.19 without ever specifying what the dependency is.

K1'8S and KZ also assumed the pressure dependent portion of
the hcat feedback law to be the same as in the steady state, 4

but enforced respectively a diffusion and a kinetics con-
rolled burning mechanism.

Both KZ and LC flame models were derived under the same
constraint (large characteristic times) as the linearized
KTSS; they are subjected to the same limitations of appli- A
cability as well. While KTSS and LC recover the steady state
burning rate dependence on pressure when transient cffects
vanish, KZ does not. Although differences at steady state
can be small if an appropriate choice of B is made, this is
a weakness of KZ flame.

§ 2.3.5 - Working Map for Quasi-Steady Gas Phase

A useful comparison for what follows is shown in Fig.8§, 1
where the MTS heat feedback (often used in this study) and
the linearized KTSE heat feedback (commonly used in the 1i-
terature) are plotted together in the range 10 to 50 atm
(qg,s curves). From this graphical plot one observes that,
for a given set of external conditions, two steady solu-
tions (reacting configuration A and unreacting conficura-
tion C) are found for the MTS model, but only one for the
linearized KTSS model (reacting configuration a).

Tt is instructive at this point to consider the work-
ing map of Fig. 9. This is a R vs gg,s(¥,R) plot applicable
to any flame model. In Fig. 9 MTS flame was implemented un-
der the indicated conditions. Isobaric curves describe the
heat feedback at the corresponding pressure; remark that
dg,s (¥, R=0) = 0. Lines at constant ambient temperature (for
adiabatic burning) or at constant radiant flux (for 0.,=0)
describe the stcady heat flux absorbed in the condensed phase-

S5)g,sf Gg g (WE,0_) =R (G-0_,) + RH - (1-ry)F,
At the crossing of qg,S(W,R) with ﬁq s (¥,F,,0_,), steady so-
lutions R(¥,Fy,0.,) Vs 4, ¢ are singled out. Curves 4g g(¥,R)
depend on the flame modeIinq, curves Eg s (¥, Fq,0.4) deéend on
external parameters only. Two steady soiutiong are found for
each sct of external parameters: the trivial R = 0 (unreact-
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1 ing state) and some R ¥ 0 (reacting state). For guasi-steady
{ gas phase transicents driven by dcradiation for example,the
instantaneous solution in time runs on the isobaric curve of
) interest; only when & steady burning confiquration is reach-
- ed, the solution will stop at the crossing with the relevant
§,,s curve. Similar remarks hold true for any flame nmodel,
except that the unreacting or extinguished state R = 0 is
not allowed for linearized (in the sense of Eg. 2.3.8 )models.

- By decrcasing ambient tempcrature and/or external ra-
diant flux (negative values of V' imply hcat loss from burn-
ing surface), the corresponding R(¥,Fo,0~w) are secn in

Fig. 9 to become lower and iower at any pressure. The ques-
tion arises: are there minimum values of ¥,F , and ©.x be-
low which R # 0 is not allowed or, if allowed, is unstable?
This would assign static limits to burning domain of the
flame model under consideration. The answer for decreasing
heat loss is shown in TFigs. 31-33 (to be discusscd later):

. the point of maximum hcat feedback roughly corresponds to
the minimum allowed stcady burning rate at any given pres- ‘
sure. For Oww* - 0.42% (zero Kelvin), it is found in Fig.10 ,
that the steady solution does not reach this minimuna (steady)
burning rate; but obvimusly other effects would come into
play at low ambient temperature., For decreasing pressure
{(with adiabatic burning at ¢__= 0), a steady solution is al-
ways found. However, it will be scen in this report that
burning instability shows up defining « pressure deflagra~
tion limit Pj;; this will require further analysis. Remark
that so far no constraint whatsoever has bheen placed on un-
steady burning.

Burning stability properties will be shown to be strong-
ly affected hy the value of the surface heat relcase. For
our datum case (sce Tab. 1), the best value computed from
the Jiteraturc is Qg = -158.2 cal/g (the cxothermicity is i
due to the primary premixed ammonia/perchloric acid flame
occuring when ammonium perchlorate decomposes). For the
MTS flame, parametric changes of Qg, while Tg(P} is kept
fixed, imply to evaluate the appropriate set of Apm and By
constants for cach valuc of Qg in order to maintain the
same (erperimental) burning rate law R(P). Alternatively,
one can use just one set of Ay and By constants (for exam-
ple, that corresponding to the standard value of Qg =-158,2 ]
cal/q) and consider a family of solid propellants whose
burning rate R(P) depends on Q5 accordinag to the graphical
plot of Fig. 11 (sec also Tab. 2). This sccond point of
view was adopted in this report. For the KTSS flame such
a problem does not arise, since no fitting is reguired.

§2.3.6 - Final Comments on Quasi-Steady Gas Phase

The modelling approach discussed in this repoixt,being ;
of rather general formulation, can be specialized to any
transient burning problem within the basic limitation of

Side

TRTTN TR s e e

- - B w Lt ' . . =



R nondimensional thin flames of thermal character. In parti-

L cular, dynamic burning associated with fast depressuriza-

tion and/or deradiation can be studied. The range of vali-

dity is essentially established by that of the flame model.

Among the flame models reported in thic chapter, the nost

general is MTS whose range of validity, with the formula-

. tion given in Egns. 2.3.1 - 2.3.4, covers 1 to 100 atm

. (p. 27 of Ref. 29c). For pressures above 100 atm, the as-

- sumptions of monodimensionality (condenscd and gaceous

. thermal waves much larger thaen burning surface roughness)
and condensed phase homogeneity (condensed phase thermal .

: wave much larger than mean particle size) fail for MTS as '
well as all other flame models considered in this chapter.
For pressures less than 1 atm, a distended NH3/lICl04 pre-
mixed flame should be considered in MTES flame; this was

i done by Merkle (pp. 49-53 of Ref. 29¢) but is not reported
here. : ”

Even within these validity limits, from a rigorous
- point of view extinction (and ignition) transicnts cannot
be described by quasi-steady gas phase models. Indeed,
these phenomena arc intrinsically unstecady. However, er-
ror due to applying quasi-steady gas phase assunption is
estimated negligible to the extent in which the gas phasc
characteristic times are small with respect to the condens-
" ed phase thermal wave characteristic time.

With these restrictions in nand, one can pick up its
favorite pyrolysis law and flame model, assign the wanted
external laws W(t) and F (1), seclect the appropriate
optical model and thermal properties for the condensed
phase, enforce the correct initial conditions, and final-
ly numerically integrate the PDE of Eq. 2,2.2. What do we
get? Trends and bounds, but no predictions. For static as
well as dynamic burning, more sophysticated analyses are
required. This is discussed in next section. Nevertheless,
the importance of numerical approach cannot be overlooked;
complete burning transients cannct be evaluated otherwise.
. Several transients obtained by numerical integration will
£ be shown later.
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Sec. 2.4 = AN_ORDINARY DIFFERINYTAL FQUAYTTON FORMULATTON

OF Wit PHORLEN

Basically, the mathematical method is the cone zct up
for the first time by Von Harman and Polhausen in the ztu-
dy of boundary lavers and later generalized by Coodman,
among others, to a large number of thermal wroblems. ''he
method can be exterded te anv othoer nroblenm described by
nonlincar PDRL of parabolic tyvpe. Tn our case, the aporoach
consist s in defining a varemcicer § (1), called the prno-
traticn distance of the thernal woeve in the condonsed rhas
se, "such that for X2 E (1) the prepellant siab, for uil
practical purvoscs, Ls at an ceuililriun Lomperature and
there is no heat transforred bevond this point" (.57 of
Ref.7¢ ). The eovolution in time of the thermal nrofile in
the condensed nhase is obtained by Follewina the time ni-
story of the penctration distance propagating inte an ini-
tially uniform tcmperaturce field., Within this penctration
laycr, progrossing in time, the gualitative space distribu-
tion of teomperature is assumed known a priori; but we ms-
ke sure that, in so doina, the intcaral balance of thermal
cnergy in the concensced phase is proscerved. Tn other words,
the price to be poid for making the transformation from
PDE to ODR formulaiion is an anproximate solution of the
local space distvibution of temperature; this ig not such
a scrious drawhback because the interest is in the time evola-
tion of the surtace temperature. In any event, several inves
stigations found an crror of only some percents for various
cases in which both the cxact and the integral solutions
were covaluated. For examnle, see 'ig. 5 on p. 89 of Ref, 78
showing the temporature time history at ithe surface of a
semi-infinite slub with triangular surface heat flux.

In order to el a deoper underctanding of questions
related to tie integral method as applicd to thermal pro-
blems, the intercested reader mighl wish to consult the ex-
cellent revicw by Coodman (Ref. 78) and the references given
there. Bofore cotting involved in mathematical details, the
reader should be warned about the limits of the integral
method. Anv solution obtainced by the inteygral method con-
tains hopefully small Lui irrevocable crroxs in the final
numerical results. The guestion of how to improve the accu-
racy then arises. It has been arqued that "there is no a
priori guarantce that increasing the order of the polynomial
(used to represent the space distribution of the unsteady
temperature profile) will improve the accuracy. ARlthough
the accuracy is {reguently improved withh this technigue,
it can bo demonstrated, nonctheless, that there are cases
for which it actually worsens" (p.9% of Ref.78 ). In this
same rcefercence it is suagested that the method of weighted
residuals provides a very cfficient method fov improving
the accuracy of the results obtaincd by using the integral
method.
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The simple intcgral mcethod implemented in this work can
be considered a special case of the method of weighted resi-
duals when just one parameter (the penetration distance 7,)
and one weighting function arce considered. Under these cir-
cumstances, the dnly cguation to be considered is the heat
balance inteagral (scce below). Since the integral method as-
sumes a uniform initial distribution of temperature, a new
nondimensional variable is dofined:

(2.4.1) uX,t) = O - 06, X<0
whore .

_ _ ¥R
(2.4.2) OX)y = 0_ +(_~-0_) ¢ XgO

is the initial steady state distribution of temperaturc and
0(X,t) is the tcemperature distribution rollowing some per-
turbation. The new variable u(X,tT) nay thervefore be conve-
niently interproted as the finite tempoevalture disturbance
propagating inside the condensed phase and superimposed on
the initial tempoerature distribution after the action of peor-
turbation. At the initial instant 1=0, by definition

G(,1) = 0(X) and u(X,7v) = 0. Suppose now that, in the
fellowing instant, a perturbotion starts acting on the systeom
and makes u(x,t) #0 : the goal of Lhe analveis is to de-

termine the ultimate offect of such a Lemperaturce distarbance

after waiting a period of time sufficicently long for the per-

turbation to disappear. No assumption whatsocver is made as to
the size of the tewperature disturbance.

The analvsis will be restricted to the casce of an optical-

ly opagque propellant, in the scnsce that
(/7)) (1/a)>>1

at constant (nol necessarily 1cflerence) ombient temperature O .
The basic set of nondimensionnl equations for an optically opa-
que propellant (N =0), initially burning with constant rate R
at constant pressudre ¥, while subjected to a radiant flux of
constant intensily Eﬁ' is

f n
120, R 20 9% I POE
: T X aX? T20,X<0
CO(X,t=0) = U

(2.4.3) (X, 7=0) = U(x) =
;(\(X':-‘—a\,r) =0_ . BC2
|
} A "
1,0 A0 !
= -R . e -1 (-0 ) |+ (1-r - &, (C
60X)c,q AC ((X)g,s R Lnref.f(cg/Lc A Os{l (1 1x)€3 ql(os) BC1




where R(t) is the burnlnq rate defined by any appropriate py-
rolysis law and (A,./A.)( m)/nf)g 5 qu Y, RY G e e heat
feedback law definCd by any ariropriate £1amo mocel. In terms

of the disturbance temperacure u{X,T), the set of cquations
is:

. 117 3+ 0)
Wy eS8
| "T (:.)( aX,' (lx?
ulX,t=0) =

(2.4.4) . u(X »~e,1) = C

Lo ¢, du _ g ac ) [ (4 . j
‘(a,\':)CL T (5}:)9,5 Ao ( )q, P s . (R H)s)l
d—a‘ - -~ ¢ [S—
+(J}<:}C, {1 JA)I +q1 ((‘ u )
where
l - Evﬂﬂ/ 1 -
( R{t) = exp .-ir—“i—--{ —_— m e - 1/ for((‘:c—-uo);.},
{ - - - ! & 5 S
2.4.5 J L s,ref V@ - u) (1 _UTrLf ) +q}ef J

+4.5) w s, rof s, ref
1 ~ Y
R(T) = LO - us(r)J {01(05-us)<:k

Notice that at the initial instant t=0, the surface cnhergy
balance is

dn A do - — - Cﬂ -
U o - o 5 YOy e 4 (- = - i
(2.4.6) dx)c,s A (dx)q, (1 r)IO+ ql(< N R [Hmf (Cc 1)1 05)1
where
- - E_/® ( ’ 3
R=exo | s:— . = -1 for o >0y
) of \— ref Yy nf S
5,1°C OS(,1 ,'IT )+ LA
(2.4.7)< s,ref ‘s,refl
Lﬁ.:?): for Bssok .




Theretore, BC1 of Eq. 2.4.4 can also be written as

A. -

u : - 2 XN F T ) =1& O - (5 ~u )

(2.4.8) (MC . (uX)C,S . (dx)q’~+ (1 r}\) (¥ Io) [ql(os) ay (g us)j
- c - c 7

- (R u +( === 1)(1—0) -—R (-~i 1)(1—6 +u_)
1‘ L'ref CC *f c s SJ{

The transformation into an ORE of the PDE of Eg. 2.4.4,
with BC1 given by Eag. 2.4.8, czn be performed by assuming a
polvinomial dependence of the disturbance temperature on the
space variable:

(2.4.9) u(X,71) ~ K (1) 4+ Ky () X+ Ky(OXP+ ..., Kn(x)x“ .

Comments about the implications of this particuler thermal
profile arne given beclow. The above n+1 cocfficients K, (1)arc
to bo determined from the boundary conditions which eXpress
no disturbance (up to the (n-1)-th derivative) at the cold
end of the penetration depth and the energy balance at the hot
boundary of the venectration depth. With our formulation this
implies:

1. == (X = 0,7) = (ux)C s

4.1 " - (X = v =3
(2.4.10)- 3. "X X Xg, ) 0
Tty
~n44.EB§;:y X = XE,T) =0
whore Xg= -E(t) is the penetration distance to be obtained

below. Afteralocbraic manipulations, one obtains for the un-
known profile of the disturbance temperature

n

ulX,7) = (u h)c 5 = (1* g) .

For X = 0 one obtains at the burning surface

S

u(X = 0,1) = us = (ux)c,s

ot mmm < W
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from which the unknown ponctration donth can be cxpeessed as

(2.4.11)  E(T) = n -m—tees .
C

The disturbance temperature profile is then given by

n
(2.4.12)  u(X,T) =u_(1+3) 0« (Xl ¢ g
S [

[iaa tivad

where v {T) is thrunknown sy face temperature disturbaon. (o
be determined. 1t is obviouvs from the above roletionshrin that
the time history of the disturbance Lemperature is rontricted
to disturbance Lthermal profiles monntonical v decavine in
space. Indeed, there is no way for Chis polveodal peolile

to acconmodate an inflection voint. The difficulty may be
overcone by "allowing a new penclration deptly (0 hoaiy wropa-
gating at each mocddmum or uinimum” (p. 96 of Rel. 78) of the
heat input into tho condensod phosce. However, this prooccedure
will not prove nccessary heve, sinee testing both the siatic
and dynamic stabiiity does not reguive a detailed knowledge
of the structurce of the tihormal profilc.

A space integration can now be verformed over X from
0 to-E{t) of the PhHhL:

=E(v) _

- 5! . C T s N .00
(2.4.13) a“c ulX,t)dx - 1 L.S- (UX) ~RA () 44 (L{)7.>

c,s

where
( A(0) = 0(X-0) - QX =~E)
i
(2.4.14)\
doy d0 L~y do
A(a}) ax {X=0) N (X =-F)

being (1) defined by Fg. 2.4.11. Upon substituting the ap-
proximite disturbhance temperature profile described by
Eq. 2.4.12, the following diiferential expression is obtained

2
e —_
DA A Vs ol R AR ao)|
(2.4.15) a (uh)c . A R ug (ux)c,s R A(O) + A(dX)J
-1
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For exawmple, the time derivative

the condensed phase side ivay be o
. Y

WSy, - W —'M
- ’38 -
glgcg (ux)C'S::f(uS(r); 2 (T), Yo(r)), one obtaines from Eq.
o), o @y RICO YU ar
2.4 PR Uil S-S B <R A | A AN R - - A
(2.4.16) dz dr au ‘ * dr | Y , (1 r}\) dz
L s ly 1o l u
JW,TO - =

of the thermal gradient at
splicitly written as

¢ {
, Yy _ Y T
d(r\{iir(:,f+ (CC 1) (1 ks+us)§ +dy) |

3] r /5 \
(2.4.17) dul\)cr - (‘us 3\_9 "__(BZ(_)\S_'E \ b I
2407 —3 A D VS T qu l
/ S -
5 .
+ ‘_X_(l S ,El_):\l).q'f' ) - (1-n) -+
c dt v u_ Xodr

which can be evaluated once

a fi1ame model has been chosen and

the laws ¥ (1) and ¥, (1) have been cexternally assigned. By de-
riveting, one obtains from Lgs. 2.4.15 and 2.4.16
i du . [ du ]‘a( )"'~i q,,ﬁ(ux)c's,
(2.4.18) ———{ 2u_-—=- (u )} us e = P |
s dt x'c,s st di au 31‘ oV !
(w,)? ; L s -
X Cys v, F . JF
- (o) o 8
Al nt1 | “)1
- (1-n) ==t R - - + A .
(1]i)drp Ru (v) R 4(0) A( )

Finally, the following nonlinear

ODF for the time dependent sur-

face temperaturce disturbance is obtained:

dus :._Eii.}UX)QLE 1%E§:L}ux)vl’ -~ R A(O) + A( )
dv n u (1 U _ (ux)C s
2 (ux)c,s aus _jW,FO
au) ar
ay N'C, ¢ e}
(2.4.19) ar {‘ T (-2 3w
Bet g
2 fux)c,s {g(ux)cis g
us i. aus JHHF

with u_(t=0) =




vhich is approximately cquivalent to the initial Phisboundary

{ conditions foeovrmulation. Notice that in the above cquation
‘ 0(X) . is known (sce Fa. 2.4.2) and that only the surfacce tom=-
. perature appears.

The above nonlincar ObL in the unknown ug(t) describes
the resvonse of the system to a finite size devarture ol the
surface temperature rom the stationary velue due not only to
intrinsic perturbation sourcee acting on the gvstem (static
stability), but also to any arbitrary but cxternally cssianed
monotonical change in time of controlling paramctaors such ac
pressure and radiant flux (dynamic gtabilivy). If one wishes
. to know the whole temperaturce wrofile, he has only to subsii-
tute us(r) in Eq. 2.4.12, cvaluate §(t) from Eg. 2.4.11 with
the help of bg. 2.4.8, and then use the vug(t) definition
(Eg. 2.4.1) in order to Jdetermine the resultant temperature
profile. ‘ '

Considerations of a dgeneral character on the static sta- ¢
hbility of the gsystem described by Ig. 2.4.19 can now be madce.
A given cquiltibrium configuration of the system is asymptoti-
fally stable it

uS(T)->O

)
or L for T o> W
O(X,T) » 0 (X) [
J

In other words, the system is (asymptotically) stable if the

. disturbance disappears at large time and the systom returns
to its initial stecady confiquration. Following Lyapunov (p.216
of Ref. 88), kg. 2.4.19 can be written, in a morc concise way,

as
. ’dug
—==-fu) +qgl(r,u)
(2.4.20), 9° s
. u (=10 =0
w®
where _
y @) Ru - (u)_ . -RAD +8@E0
- .. n+l x'e,s S X'C,8 dX
i (2.4.20) Ll = 55 =577 TR Y (T DT
. N ‘ 1-1. s.‘_rk X Ce8
g 2 (ux)c,s L “Ug v, F
1 o
< is the autonomous (i.c., time independent) contribution,and
b |
av ..a.(_l.l?i),ﬁl.s_ - (1-ry) am
A W X dr
. Forly
(2,4.22) (J(T,US) = —-“("L;":)'“—"‘—“*;:,"'("u—:)—— —
X C,s | __XC&S
u au
s s Y F
o
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is the nonautonomous (i.e., time dependent) contribution.
If no forcing function is acting on the system, i.c.

» Y = cost and Fo = cost,
L then Eq. 2.4.20 reduces to

duS
(2.4.23) x5 f(us)

. by which the autcnomous contribution assumes the meaning
‘ of ¢ static restoring function. Indeed, under these circum- 4
' stances, one can think of the chemically reacting system '
comprised of the deflagrating condensed material as anolog-
ous to a mass-~spring type of mechanical systen which the non-
linecar characteristic f(uy). Considering the ug(v) definition
; of Eq. 2.4.1, Eg. 2.4.20 can also be written as

(2.4.24)i

The static restorin function f£(0g - 0g) depends on the

L . nature of the deflagratiniy substance but not on its burning

history; however it is afieccted by the operating conditions

(pressure, ambient temperature, and heat exchanage with envi-

ryonment) , flame model, and approximating polynomial order.

The nonautonomcus term g{t,0g - 0g) changez in time acwording

to the first derivatives of the external controlling parame-
: ters {sec Eq. 2.4.22); howecver it is not affe~ted by the
choice of the approximating polynomial order. The static re-
storing function, being a property of the deflagrating sub-
stance, can be examined a priori (see next section) indepen- .
dently on any spaecific burning proczsss. On the contrary, no-
thing can be said a priori for the nonautoncmous term. Never-
theless, the following imporiant remark can be made immedia-
tely. The final outcome of a burning process is controlled
only by the static restoring function when:

I T

<

- .
. ‘....‘."ﬂ.&.‘.'h_k L

(1) no forcing function is acting (static stability); see
Sec. 2.6.

(2) forcing functions monotonically change in time from some
initial to some final value (dynamic stability); e.qg.,
depressurization or deradiation; see Scc. 2.7.

; (3) forcing functions are of arbitrary shape but level off

in time (dynamic stability; e.g., pressure or radiation

pulses; sec § 2.7.4).
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Sec. 2.5 - NATURE O THE ST/ TIC RESTORING FUNCTION

The static restoring function is an algebreic nenlincar
function strictly dependent on the nature of the burning pro-
pellant (including the specific way its flawme ic describad,
i.e. the flawme mncdel implencnted, and the order of Lhe appro=-
imating polynomial uscd in Scc. 2.4) and the operating condi-
tions. Before examining quantitative plots, consider the cua-
litative plots of Fig. 12a and T'ig. 12b. This allow: to ci-
tract tiic basic proportices of the static restoring functicn
independently of the flawme descerintion. It is anticipated
that the hecat rclecase at the surface of the propellant i¢ the
most influential paramcter ow the shape of the static re-
storing function.

§ 2.5.1 -~ Qualitative Remarks

Conzider the gualitative plot of Fig. 12a. According to
Eq. 2.4.24, when no forcecing function is acting on the systeom,
all the points (algebraic roots) for which f{ ., - (g ) = 0
define possible equilibrium conligurations for the burning
propellant, sincc they correspond to dig/dr =0. 1L is ccaen
in Fig. 12a that, in addition to the trivial (0g = 0 (unburn-
ing propcllant, root C), two more eqguilibrium solutions(roots
A and B) arc allowed, in gencral, for & given sct of parame-
ters. Let us consider the cquilibrium coniguration corre-
sponding to root A. Supposce that, for some unspoecificod reason,
the burning rate or the surface temperature incrcases a finite
amcunt; then the burning propellant is no longer in a statio-
nary configuration, dig/dr = f(?S - Ug) is negative, and the
system reacts by decreaning its surfacce tomperature. Conver-
scly, if fory a ungpecified reason, the surface Lemperature
of a propaellant burning according to the coniiguration of
root A decrcecases,the propellant reacts by increasing jrs sar-
face temperature. These movements, around point A, are indi-
cated by arrows in Fig. 12a. It 1s concluded that the egquili-
brium configuration corrvespending 1 oot A 1s stable becausco,
when dislurbed, the propellant always moves back toward A. By
the same arguments, iv is concluded that the cguilibrium con-
figuration corresponding to root B is unstable; any distur-
bance yields movement away from the point. Theretfore, in
steady state experiments, only solution A is obscrved.

If the set of paramciers is changed, for cxample the
pressurce is increascd {from P to P4, the initial condition of
the ODE (scc Eg. 2.4.2) is changed so that a new pair of roots,
A1 and Biy,is found in addition to the trivial g = 0 of root C.
Again, roont Aq defines a stable cquilibrium configuration,
while rooct B1 defines an unstable ecquilibrium configuration
corresponding to the new sct of paramcters. Likewise, a new
pair of roots, Az and Bp, in addition to the trivial 0g = 0
of root €, is found if the pressure is decrcased from P to Py.
It follows that the (g axis in FFig. 12a includo2s, in addition
to the trivial solution of nonburning propellant at the root
C, a segment of stable solution Ay and a segment of associat-
cd unstable solution Bj (cach pair of roots corresponds to a
given set of paramcters) . .IFurther effects noticeable in Fig,12a
will be discusscd later.




It should be cxplicitly observed that the trivial 6,.=0
solution may be obtained only if the cuponential Arrhenius-type
pyrolvsis law for mass production at the surface is droppod
(sec Eq.2.2.0.0) . Tne triviel cg+= 0 solution inplics that no extoernal
encrgy source (e.g., radiation) is acting on the solid propcllant.

The qualitative picture of Fig. 12a illustrates the goneral i
behavior of the static restoring functien when the pressuroe is

varied parametrically at fixcd ambicnt temperature and suvrfacc

heat relcase. The bchavior of the static restorinyg function when

the surface heat release is varied noranctrically, at fixed am-

bient temperature and vressurc, is illustrated by the cualitati-

ve picture of Fig.12k. 0Of cours~, all previous considerations

hold truc. Tor cxanple, when {he suvriace heat release is low

enough (in a sense which will be bettoer understond below), the pro-

pallant behaves wgain according to the static restoring funciion
represented by curve CBA (Fig. 12b). Howcver, for increcasing va-

lues of the surface heat release, it is found thot the static .
restoring function is represcnted by curve CB,.2,D.E.. This is '
raither surprising; in principle, there are now rive potential

equilibrivm confiigurations,

——

Based on the previous analysis, however, it is immediately
recocnized that C is the stablice eauilibrium solution for the un-
reacting state (trivial solution). further discussion is
reguired to understand the nature of the remaining four roots.
This is casily accomplishod by considering the steady stato e-
nergy balance of the overall combustion wave. TFor example, the
graphic plot of Fig. 9 ghows that for cuch sot of parametors
only one zolution cxists for the reacling state. Conventional-
ly, call A thot particular root of T'igs. 12a and 12b corre-
spouding to the cneruy balance solution of Fig. 9. It follows that
root B,, although stable according to Tyapunov, is elimirated
as being a rcacting cguilibrium solution. In other words, root
£, is a falsc equilibriun solution introduced by the approxinate
Oén formulation of the problewm. The ramining roots B, and D, arc,
then, both unstable ecuilibrium solutions for the reactina sta-
te.

For further increase of the surface heat release, it is ob-
served that A- and D-tyre roots respectively increasc (moving
to right) and decrecase (moving to left) in the plot of Fig. 12b,
until coalescence and then crossing over occur with exchange of
stability character. This important point will be discussed in
detail later (see Sec. 2.6). TFor further increasing of the surfa-
ce heat rolease, B~ and D-tvpe roots disappear after coalescence,
while both A, and E, roots, for different reasons, are eliminated
as being stable reacling solutions (curve CA E2 in Fig. 12b).
Under these circumstances, it follows that %he only allowed solu-
tion is the trivial unreacting configurations represented by root
C. Any atteompt to produce a stationary combustion wave with a
static restoring function of tvpe CA,L, will inevitably result
in extinction. This type of extinctidny however, cannot be quali-
ficd as "dynamic". Similar behavior is observed in Fig. 12a for
decreasing presgure at constant Qq.




Quantitative plots of the static restoring functioh.
£(0g - ug) vs the nondimensional surface temperature g
are given for the propellant AP/PBAA No. 941. A guantita-
tive plot requires the choice of a specific flume model
and a spoecific oruer of the approximating polynomial (sge
Sec, 2.4). By apwlying diffcrent flane mocels to the sano
propellant, dificrent stability properties are predictod:
this o:ifecrs a criterium for discrimineting potentially
good from bad flame models. In this work MTS, RTSES (both
linear and nonlinear), KZ, and LC flame models are imple-
mented. AS to the order of Lhe approximating pol jnomial,
a cubic law was chosen to represent the space distribu-
tion of the disturbence thermal profile. This choice was
suggested by a large body of literature on heat transfer
problerns (e.g., Ref, 78) and by similar soiid propellant.
rocket problems (Refs, 79 - 80). However, there is no a
priori guarantee that is the best (and even, sinply, a
good) choice. The choice has to be verified, somchow.This
is shown in Sec. 2.7.

§ 2.5,2 - Effect of Opcratinag Conditions

Plots obtained implemer:ing MTS, K1SS nonlineax,
KPSS lincar (or, ccuivalently, LC or Ki with an appropriate
choice of the assouciated constant as suggested in § 2,3.3)
flame models, with a cubic disturbance thermal profile,
are respectively shown in Figs. 13-18, Figs. 19-20, and
Fig, 27, MTS flame was applied by assuming a combined ex-
ponential~power p}rolysio law at the burning surface (sce

Egs. 2.,2.3, with 0,=0.15 and ¢_=0). KTSS flame was applied
by assuming a pO\or pyrolysis Taw (sece Eq. 2.2.3b, with
w=6 and '.~O) over the whole range of surface tamrperature

of interest. Comparative results are shown in Fig. 22, for
some standard operating conditions, leading to the conclu—
sion that MTS is perhaps the best flame model but KTES non-
linear is ctrongly competitive; KTSS linear (or LC or KZ in
the appropriate form) yield identical results. The effect
of the order of the approximating polynomial for the dis-
turbance thermal profile is shown in Figs., 23-26 for MTS
flame only. The cifect of the specific heat ratio C,/C.#1
is described in Fig. 27 (guasi~steady working map)dand Fig.
28 (static restoring function).

The effect of ambient pressure on the static restor-
ing function vs the nondimensional surface temperature is
illustrated in Fig., 13 for the indicated set of parameters
(MTS flame and n=3); further effccts due to the combined
action of pressure and surface heat release will be dis-
cussed successively. An increcase of pressure implies an
increase of the stable equilibrium surface temperature,
but a less pronounced incrcase of the unstable equilibrium
surface temperature., The strength of the stability (see
Sec. 2.6) is enhanced by an increase of pressure, Similavr
comments hold true as to the effect of external radiant
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{ flux on the restoring function (Fig. 14). It is important,

however, to note that an increase of external radiant flux

decreases the unstable equilibrium surface temperature and

ahove a certain value of radiant fluz intensity (e.g.,

40 cal/cm’-s for the sect of parameters in Fig. 14) no more

unstable solutions are found. This implies that, in princi-
. ple (sece Sec¢c, 2.7), at each pressure a minimum value of

. external radiant flux intensity exists above which the dy-

L nawic boundary can no longer be defined.

The effects of surface hrat release (Figs. 15a and
. 15b) are more involved. HNote that,for increasing values of
surface hcat release, the behavior of the static restoering
function shifts from a CBA-typc (see Fig. 15a) curve for
Qq==-150 and -158.2 cal/g, to CBADE (sece Fig, 15bL) for
Qg=—170 and -180 cal/g, and to CBDAE for Q¢=-200 cal/g,with
A-D roots coalescence occuring at Qg=-190 cal/g. This im-
X plies that at 30 atm the propellant will show not only ay- i
narmic stability effects in the low range of surface temnpe- 3
rature (root B in Fig. 15a) but also dynanic and/or static
stability effects in the large range (roots D and E in
Fig. 15b). Similar behavior is observed at 10 atm (sce
Fig. 16}, with A~-D roots coalescence occurring at Q. =-170
cal/g. It is concluded that ot each pressure a critical ‘
value of @ exists above which instability of the burning :
propellant will show up; the critical value of 0| increases
with prec¢sure. This trend is confirmed in Fig., 17 showing
that, for the standard value of Qs=-158.2 cal/g, A-D rools
coalescence occurs at 6 atm. This combined effect of pres-
sure and surface heat release is of major imporiance; more
detailed analyses will be carried out in Sec., 2.7.

The effects of ambient temperature (Fig, 18) are of
little interest in the range investigated.

§ 2.5.3 - Effect of Flame Models

Similar trends are observed for the nonlinear KTSS
flamc 2odel, again with n=3. The effect of ambicent pres-
sure in Fig. 19 is very close to that found with MTS (cf.
with Fig. 13); minor differences are found in the region
near the statically unstable root, The same comments hold
true as to the effect of surface heat release (Fig. 20).

Drastically different results are observed for the
linear KTS8S (or X7 or LC) flame model, always with n=3.
The effect of arbient pressure in Fig., 21 is virtually :
the same (as compaved both to MTS and KT'SS nonlinear)
for surface temperature about or Jlarger than the steady
state value, but is physically meaningless for surface
temperature less than about 90% of the steady state value
{no zero solution and no unstable root).

The static restoring functions for the three flames
are plottecd simultaneously in Fig., 20, always with n=3,

TR Y T T T e e e



for the standard conditions spocificd in the fi >
atm,T_..=300 K, QS:"158.2 cal/g, adiabatic). The coaparicon
graphically emphasizes the diffceroncez just mentioncd. Thoe
linear KI's$ (or LC or K4) are daiscavded froiw boing in
princiv‘* dCC‘Ptdb'O slame models, the nonlincer FOSS

[$4

acceotible for wmost of the surface tewmperature rance f“ ’

valuos (except near extinction, since chemical kinceticos

is not considered), M5 flame ig in principle accoaptable

over the whole rangs of surface tcemperature of interest,

§ 2.5.4 - Iifecr of Polynovioi Ordex ‘
The cifect of the order o the polynomial approginat-

ing tho dim#urbarc~ thermal profile on the siatic restor-

ing functicn is J_xntw(tod in Fig. 23 (p-1n utm)r Fic. 24

(V20 atw), Fig. 25 (P=30 atr) and Fig, 20 (P=40 atm) for

e MUS Sloes The shape of the static rostoring itnxct_l(u) I;

1s kept Loy n varying i)xnn 2 to 4; the steady state (or

stoble reaeiing) solution is always vecoverced (by construc-
tion); tuoe trivial oorso soluftion is olso always rocoveraed;

the guricee Leaperatare associabed with the unstable react-
ing solution siichit] incresssa Foir n oreasing. Numericat

:
I . . R 1. 1. V. . . oy TR
values caan Lo o boeotoer ap o

~

Tob!

oreciafed din 5. 3t tvpically, the
curTace tonporoture aosociatea widh thoe I’oreoot increances
af Joss Lhen 100 wheo nococioases from 3 to 2.0 How

GO,
Uppor cynetic srtalilicy (see 0 2,.7.3) is favorcd by on de-
crecsing, Mols point will be further investigated,

£ 2,5.5 - ¥ifect of C,/CL # 1

The offeccet of vpecilic heai ratio € /CL not(neceasariiy)
unity e tilustroton Dn Fioo., 27-280 tThe guasi-sloady work-
ing map or io. 27 i plottod sinultoneously for C(U/C R B
and C(/CCAT.OU; Keds ponlinear flame wos adoptod., Only ni-

o1 di YV owhen C,../C

<
tferencos canr Lo doichcd due Lo (e ) VAN
A 1 =similar differeovoes are found with other [1ams models
as well, Howvevery, Jdrastic didTerences arise as to

ic restoring function iu the vegion ol uppor (st
dynamic) instability. The ploc of Fig, 28 concern
with n-3; the static rC"tov“q function 1o draware simultiancons-
ly for C,/CL = 1.12 ana /¢ 71,00 at 10 atm and 30 atm of
plo“surcf One can hardly detdct any differonce at 30 atm

(no upper instabilily), whevees upper instability at 10 atm

is stronuly r(duccu by LC/Lﬁ = 1,12, Similar tronds are

found with othev Llame nédels as well,

LSO SIS
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Both cffccts (Guasi-steady working map and static rco-
storing function) are confirmecd for Cg/cc = 1.24.

§ 2.5.6 - Effecct of ¢ # 0

The cffect of radiative hecat loss from the burning sur-
face with emissivity e = 0,75 was found ncgligible in all




respocte (s iondy gherel profiics, guasi-steady flome nodels,
burring stebiiite, ong unstene, buorring vransicnts). This

i not suvprising i one cumpares

) Ll maani tude of
he radialtive encroy loss with the remaining oneroy torrs
in the boundary condition of the governing PRE (se2 Ee 2.2

‘..(-..-.).
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Sec, 2.6 = NONLINUVAR STADTC STARIT LY AMALYSLE

Static stability aralvsis of a burning propellant vo
to the capability of the propoeilant (o heep LS burnine ¢
brivi: contvicuratic in time. T was shown in Sec. 2.4 tha

implics Lo study €Lz properties ¢f the nonlinear ODE

an
(2.().1) --a—_— = f(\"” - )

which in turn deponde on the shanec of the alucbraic nontincear
static restoring v tion (. .- .) exandined in Scc. 2.5. The
s <

. d - - . - . . 3
following probleme . re of relevance in the aren of giatic sta-
bility:

1. prediction of number and nature of the allowed static solu-
+ { 2
tions ( scc § 2.6.1).

2. preodiction of static stability bhoundary (sce ¢ 2.6.2).
3. measurcment of static ctability strength {sce 52 2.6.3).

v, ol

4. prediclion of the pressure deflagration limit (sce & 2.6.4).

§ 2.6.1 - Number and natuie_of the atlowed static solotions

It is shown in §& 2.7.2 and & 2.7.3 that threo regions of
interest can be distingaistod, Tor increasing valuoes cf Qq
(sec Tab. 4 and of. Fig. 12bh): N

1. before A -~ D reoots coslescence, thoe static roacting soiu-
tions i the usual staltionary conbuscion wave stciclly do-
fincd by root A.

2. after A -~ D roots coalesconcas but heofore IV -~ D roous coale-
scehee, the static reactving soluwtion is a self-sustained o-
scillating conbustion wve dround root Al

3. after B - D roots coalescence, no static reacting solutiona
whatsoever is allowed.

Obviously, the trivial unrcocting solution g =R =0
(when allowed)is alwayvsstalically stable . Therefore, too much
surface cnergy release exciudes any sieady reacting solution
and under those civecunstances the only possible configuration,
even in a static envivonment, is the unreacting state. Theso
predictions were verified by numerical integration of the go-
verning I’'Bl. Results concerning scli-sustaired oscillatory burn-
ing are discussed in 5 2.8.4., Resulls concerning the static sta-
bility of the cquilibrium rcacting configuration are shown in
Iig. 29.

Under the standard sct of paramcters indicated, numerical
values for the allowed static solutions are given as an cxample
in Tab. 4. In particular, the range of Q. values for which self-
sustained oscilinting combustion waves are expected is given,
in function of pressure, in Tab. 5. Both calculations were per-

e
\
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ferned fov M98 flame with n=3. The above guestions will be
investigatod Tn detall dn © 2,7.2 and ¢ 20703, sinee thoy

roguire furihoer analvsis,

An dncortant piosoe in the static stabili-
ty enalysic of a4 burni , tlhve gmdnidman, valun of
Suwrytocoe Lomnsdd sture (o bharnine cave) above which otahle

g oo aliowed, In osder Yo evaluate this valuoe
cLavss Toatus e comnon Lo gl oclatae ronitesing
wophasiooa, e srecidic suriace, e q‘atu re

atb wvhich “hoe pair of soluldons o7 stabhle and

vilue, o070, ,
270 uastable cenleseern, ab a given pressare %L' ig. 1Za) and
for a given sol of porancelors,

ST s ST
A, = BTTLon
1 1 S5

dofines the branching or metastiabls point ot that pressure
(and for that cor of parameters) . Corvesponding to this spo-
ciacl value oy 1

ter of stability owvcurs at the civen proscure, in b
Dy ‘i’(l all thoe potential cguiiilryiue solufions ot
sure (covrveraanding Yoo didrorenl i
heat doss from the burning propellan
stable (roots By) while for g
Lutions ot that pressere are sbats

s UuYioce tomperatore G chhaihngs o of b
{

couid s ium SO-
'.o (vonvs M) .

s

Therefore, the branchicrg peint al ssurce isolates
the criticatl stotic slabilicy \f‘:*}"(*, (el t‘.'lu ) tom-
poervabtare nt. Lhat, presaure undor which ~toady r KO-
luticn is alliowed. Corstivetion of stability boune-

ary on the 1 vs G, - vlane, in & range of ]nm‘qau
of counveiine Lhe (;]'.L; Lral staticistabilitv poaints deiined
for each precoire of nltmovt in tho wantcoa range (and for o
given =0t of paranclers . This dmplics the scorceh of the
branciiing point at apy fixod pressurce.

A goeneral nethed (hased on nonadichoticity of the propel-
Lart) for solving thic problem is discussed bolow, hiowover,
for the cpecific case of a gclid composito propel’ant, the
scarch for the branching point may be performoed inmediately,
althouch nol rigorously, based on obseorvation of the physical
proceasses. Consider the gualitative picture suporimposed in
Fig. 30 on a standard M7S {flame plot. Recall that burning
rate ond surfaco tenperature are anivocatly velated by an ap-
propriate pyrolysis law. Thercotore, it is irrelevant to de- 1
fine thoe birapching point in terms of burning rate or surface
temperatumre. Now, as cchomatically indicated in Fig. 30, the
branching point is (lctm:mm\d at c¢ach prevoure by tho goeonme-=
trical condgition ot vertical taungent, i.co. infinite slope or
maxinun heat Cecdback. Indeedi, dor oo - \:'J a chanae of burn-
ing roto er sufoce tomperatare produces opposing of fects on
the thermal geadionts at the surface from the condensed and
the gas phase cides; oy example, the former incrcasces but
the lauier decrcases when the burning rate is disturbed op-

dndacntand
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stability of the scluiion at o point
the magnituee of the doyivative oi/d
How this value is aliccted fop typical porametors 5 sieoan
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f
moos the solid propellant even though
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gtically stable burning for the given
condirions. Itois expectod that this
he rata of decrase of the operating
tial sot of valaes., Specific refe-
will be nade, but the overall linc
al nature, In ovder to apply the in-
weescive difficulties, optical opa-
iase is o assamed. This hyprothesis s
raaiant flux change, but it is not
coenclusions in any significant way,
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The objective now 1o Lo prodict when @
transition (roalized throudgin 4 SUCCesSSion O
steady state convyiguscoio: becons forhid
templs to realive it in ansiont  (guooi-
fashion, Let us con=ider & pure woridiation
formed accordirg to

3)
Ly

(2.7.1) Po{v) = ¥ _ . + (¥ - ) 1

on an onpague propollont with (iuedd proscure
g traneiont is vopresonc .o by o doanhied line
It 1o auoumad that Ay owl Ap con oobh o statd
roota. If an undorvshool acoars, (he o tranciv

namically stable only 17 o recovery point (del
i A

38a as bl point where diJdt = 0) ocoeurs
ty means than on inguiry is wade 2Loub the

the occuwsrencs of o r1ecovery point,

1n order to determine the location o
lity boundary (i) Lo ! {
planc uvsed o dofine flame mocede, vollow oh
Pirst, a defiriiion is cough
lily point at o given prossure and, sccond,
made of all the avnonceeld iy eritiacel points
ranga of pressuec,. The oriticed dynomic sta
now boe identiililoed il ciel o value o
temprorature, iF apy, suvoeh chat ewrinction n
Ltows when the curiace tenperatvre is eoven o
than this special valiue, A1 points 0g < '\Q
"no-return' points

o

cince they do not ailow
all points 2g » 2% e potsible "roturn®” p
they do aliog rocovery. The cviticsl aynami
if any, is isolated by the coalesconce of L
the no-return poiats,
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In thoe cose of deradiation only accoyd
a

the goneral eoxpression of kg. Z.4.24 may be

(2.7.2) 2= 0@, =~ G 3 W) - g(1,0, -

where
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(2.7.3) s

g(t<0 ,C = 6.) = 0

b L=

Dynamic stability analveis requires considevation of the

ron)incar ODE of Eg. 2.7.2. The basic dAifference from the
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static stability analvsis is that the rate of roeturn of
the v face tomn rature toward the ccuilibrive value now
depernds expliciily on time,so tl*at no oa priori analyois

i soible, , . 2.7.2 shows that the rate of

the rou)poneo ob the oysioem can b(: Separaved in two Lo
of thoene, '(' = .g) is lhe auvlenomous contribution pre-
viously discusaed while (1, - _g) is the nponuutono.
conturibelion aua to the Lfin,

the given deradiation law.
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Lo digtuvrbance subsoguent Lo

>
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The main intarest is (he asynpitotic behavior of {in
system  for T - w: to predici whoethor the final stable
eguliiibriwny root Ay or the veivial solution - = 0 (oot Q)
will be reachod (Filas, 385a - 38h), Por tho wide rapae of
controlling par Uu“\1 Arg o varvinag in Lime according Lo moro-
tenically do ’ P anualitative Lohavior

.
i
ortrayoed. JTadoow, L.

'
t
N
’ 1
T
i

of tho HONGULGS.(rin US
2,7.3 shows (ceo Viv

1. g(I;OT,CS - {g) o+ 0 at any instant follow-
iny the beginning oi no trareyiion, SJ“LU
the denominavor iz found

(2.7.4) quiontity in the rangoe ol

2. 9(1**1(“ = Do) = 0 hasymptotically in time
1.0, times mnch lonoery than soao erborn
characterisiic time soale depondine opn oo

w givon dorcing function (e.9., Towp - 1/ 3.
S 4
Then, 1t follows that Leiore and n?‘cr fOL te
! ————- -
externally controlled Crontlladn, T wnd Tale
surface Lemperavnre wowacd the cguilibrian '

ed by the deOH(‘)HS tevm (5 = ©g4), whose

el

have beoen alroady illustraiod in Seco. 2.4

I aualitative picture o) the ohaviovr of tho syston
govorned py ko, 20702, undoery Lhe conaitions upecitfiod b
Eg. 2.7.4 and for «oivaen initial concitions, can boe por-
trayed in thoe planae doo/dv vs og (PMiyg. 39). Roots A and

A (cf. Yigs, 3Ba - 38L and 39)ave aenpectively the stata-
cally stunle inttial aond 7Tincl caquilibrium conficurations.
ATl Lrajectories (reprosenting the history of the systew)
in I'tg. 39 stazit fTvoemnm the root. A and tcxmlnatc cither at
the voot Ap or at the origin of the axes (root €, dynanmic
extinction), In the qu;‘:]]tatﬂ’o portrait of I'ig, 39 the
nonlincar characteristics (0 IE TS Yy at T = 0 and

f("s,f - "g) at T have boc: 3Lp)cuontod On the horizon-
tal axis,the gnrface tesmperature corresponding to the bran-
ching pouint g7 at the opervating pressure has becn marked.
This value (staticolly critical point) separates the stati-
cally stable rootls (A4,Afr) from the statically unstable
rocts (B;,Br). FPor a quasi-stcady transitien, the trajecto-
ries starting from root A progreosses into the negative
half-planc dig/dv < 0, since the term g(t,bs'i - 0g) dini-

tially dominates the term f(24 ; - 0y3)in the ODE of Eq.2.7.2.
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But the skezch of Fig, 38d shows that g(t, , - () decienses
monotonically toward zovo, When g(t, o = 94) hecomes ne o=

gible comparced to £( . - ©.),the 1«1L3L term nlght arive uhe

trajectory togard the ifinal root A

4l
e

The rate of return o' the guriace temperature towar. -
quilibriuve for t-- (in the grnse 10> o't) is controll
by the autononous torm. Yhis means that, in the clstulaoce
history, it 15 the dintvineic stabliibty of the finnl stavo
that tonds to govorn che bohavior of the Ssystom, At a civen

valuc of prescure, the crvitical "ro-roturn- point 15 colined
BN .. . . R
by the statically wns table covt L (root Be) oo 7ith
the final staticoeily stabloe vool 1L« {(root the
: L,
IS

L The whnole sofieent beow on "
table but allows a dynanmta bhurnins vo-

Sodin o, 39 reprenonts
DUOnCT o of Lo oyt

function f(\g t - wﬁ)
obY is staticlhily une
glnmd The \rtq;iaxilly unstable root
a limiting condition which is a uni o
at the operating (Lfinal) precsoure. vnis analy rs can s
peated for diffcerent volues of pressure, so tial a dy
stability boundary mzy be construciaod ns shoewn in Fia,
stanaard apbhient tomperelurs (300 K)Y ond no roecigual rodieont
flux., The dynamic =tobhility boundary just dotorvmined wiil boe
calted, for the recuninder of this wovk, lower dynawmic stapili-
ty boundary (cf, v 2.7.,2).

The statically unstable reot ‘D3 in Yig. 39 ropreoo:
limitine condition which 1w a unique proporiy ol thoe proene,
lant at tho operatinag procssure (for o given cof of parancoters
it deprnds only on the propovtics of the intended final stato).
The Line connecting all e point. DY 45 the low dynamic
stabiliity Doundary not only ivor H(]xlUA:iLiCﬂl transicent.:, rono-
tondcaily decaying toward zero, but olso for depressurirzation
fronsionis hotonical ly decaying, Since the vngsiable root
oPY e determined Lox v, that i when the racient flux is
nd longor acting, whoethoer tho propollant is or is not opti-
cally trancparont 1o irrolovant., IFo; CP"JdiU(iQn tronsion
monotonicaily decoaving togard zevo, thoe trarsprrency of the
condonsod phase has no ini lhuence on '1n dynamic stability,

No probhlem arises 1f one wishes to consider the effect of
othor piranctors, for exounice the arbijont terperature, on the
lewer aynoamic stubility boundary: it is enough to deteumine
the statically unstable root for cach ambicent tomperature of
intereast.,

QL

The existence of a lower dynamic stability boundavy ¢if-
ferent from the siatic(stabjlity)boundary has been shown.
Crossing of this boundary is enough to assure dynamic cextinc-
tion. AL Jecast two larce classes of situations can be onvisag-
cd,'or the wide range of controlling paramotors varying in
time according to monotonically dcciessing functions (c.qg.:
linecar, pardbolxc, exponential, ete.) the lower dynamic sta-
bility boundary holds true instantancously, in that crossing
of the boundary at any instant, even during the action of the
external disturbance, is sufficient to yicld dynamic extinc-
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tion. Indecd, for monotonicelly Jucrcasing functions the o=
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Saal law

AlY critomria aorigniy coi T oAt o Lions fov predict
ing f:xtnn' LoD e e coaroy iy sy o, obten to o un-
Enowa extont, Indood, the looson dvnaanio e bh i vity oundary
is mruu;“l‘ Cotdvod frs g pvone vty af L s pem S Joas

not. dopend on the opecilic Lav crternally conigned. Convers
sely, any rreadictiorn s nevercayidy associateod oo 5 ‘
law, Puritorcore, it will be oheon dn 0 20702 that dyvnanic
extinclion oy occur in ollcs, unanLpecliod clrcuastances, Lp=
proximate criteria arce not ounly ol very linited usce, but
might also be badly niistaken,

In the goneral OO0 Loraalation of Thag. 2.4.24 the influ-
cnce of time varying oxternal parcomotieors is tolt only throuah
time derivatives. This dmplice that, if no change of progsure
and/or radicnt flux occurs, the system is only subjected to
random jnt?‘j’]' ic fluctuntions and the recults from the static
stobility one is aprdiy. It 1g also inplied that, in the
caze Lthat (T g m ) Iog = ), the dynamic stabilily
boundary is; a m--rotun boumifar'v fbr any 1 and fory any oxter-
nal Jaw, Under these circunstances, the dvnamic stability
rance coincides with the ranoe of .1nflmmcc- of the staticolly
stable configuration o,
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§ 2.7.2 ~ Lower ond anpor dr

s A e

Conatoa by b v )it
L Codfedr ot L

a B-typoe root
Chact, sinitar

vl (oo

\

So Larv, only aynapde ol :
(sece Figs. 12a and 12b) Lave bhoeen dicov
dvnamic effccts are aluo associaiod wits

Fig. 12b). ‘'be fouvner is callod lower dyviamic stall
the latter is called upper aynamic ovaidlic ~ 1 Lhoudg

has been cosoritially peglectod in the liiorainre, bot
of instabiliticos arce very ianooviant
stablility rolates to extinoction, Up
tos Lo vigorons accolorations of thn
suite bulld=uo due Fo larage woes prodoust jong o eventun
nical fasziv:e obf the enclosin: woroel o dynanic ox

T . e Y
mighi Foawlow.

it burning ralo

Wilth roeflcyonee o i I3
fno Dtvoo ronst)y, g

T :
increare, oceuring ror Qo s =tho oo
balanced In Siabhid ]
reacting caud Tibrives conii
Obviouslty, icoteue onty up bo o sons fing
nitial disturbence. With reioronce to vige 1, 10 18 s00n

L i
for ¢ =170 caig th Latico rostoring Tunction foeatures two

A Cai iy v
Foron s oy Tae N , s U o G N (o= 1,153
duconically unstablte reots, B (o, = UL6) and DG . )

cnder Lhaene odrveumsto wres,

<

L { '

sitting at ihe i on ol the sravle stoeady state configuration

A (Og = 0.05) T the suriace ome
1

pevoture cdurinag a tronsient aoes pest oo B the combust Ton
wave witl accenorats cespectivety tovaird O Oy = 07 Jower o, -
namie instabidity) o 1l (O o 1029 voper dynemde dnstabilily).
In tho case 0 Jlewe: denente inctability, the Latco of thoe com-

2 !
stotdlon wive s dyoewmic ectinetion {ci. ¥ 2.7.1). In Lhe casoe
of uppor drurnide dincicobility, tho fate of the conbusticn wowve
i more involved, arogoen as o raont DO A vivorouas oo
coeleratiosg oceurs. e dnored o ratoe any boe ol -
dere oF moornilade. ool W, allibough stvongly stablo, L8 nobt as-
Podne oo ol couilibriva solulion

it formutation oif (hoe propien,

by
shnerefore, afier rescnlng M, the combuntlion wave is
vecalled tovard o stoble sitcoody scale configuration.

on the Gy of the whele procass, 1his can be cither (.o
teacting medhe A o U e unreacoing mods ¢ (Gynand. e eneinction
duc te covcrctaciiity), Dynapde ingtabiliiy may be the unox-
pocted rosatt ol Lov fasy preovsurization (for example) tvan-
sicnt.

h

Even nore strixinsg is tho behavior of tho systoem for
- - ; L2 5
=200 cal/a (Fig, 10l In th

. is case, the static restoring
unction features two stoble yools, D (0. = 0.93) and

Q
:{ >

I (JS = 1.061), ncitheir of which 1is allowed as a stationary
solution, sitting at. the sides of the unstable stationary so-
Jution A(v . = 0,99), Under those civevwslancos, oven in a
static envivonment, the burning propeliant is not capable of
finding an ecquilibrium reacting configuration and bounces
back and Torth around A under the competing influences oi D
and L. 1t is confirmed (sce Pig. 69,c.g:) by nunevical into-
gratior that, atfter a transient, the combustion wave undoer-
Goes sharp self-sustained occillations arcound A with peaks
near I and L, Thi¢ suggests the existeonce of a limit cycle.
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§ 2,7.3 - Solf-ruon e b 001 oy Iniag of
IR oo S e A S

In this seheccrion ood b s concoraing vn e

Lot o Duveaiv ol ol proypy
Plrot, « sdmple proccdure for dececting the o
Timit o 1 Coolnnlioncous prescnces of oo

Tedguitoeds

1
Croals stehle, e oorvi-

C
Doand i

ine i
(1) A o
4

Leal condition Joe oaond: tho Livat roguiraenent s Lhe
Yoroot: Pia, 15%; ihe ceocond condi--

o coaleaconce of T roots han

1ical

coaloesconan of A
tien do oaticficd as lono a:

not. yvel ocauvced, To doteclt the exicicence of a Timii cveie
ata given precsurce, it ois cnough Lo plot the values ol

‘oo dn tunction of thoe swrface hoeot roelease
cure. Yor oxarwle, Iin the case corsidoeved

the relevont
at the given g

in Tab., 4 (aclabotic, opague AP/rBAA No. 941 burning at




P = 30 atn ang Ta = 300 KY, Loo cxigsteonce of a Tinit cyole
is cxpected botween v =170 cal/g (7D coalescencn)

O T==22h cald/g (B=D cChlonconce). Saodilarx plots
for any othe: sei of operating conditions,

Results fou 10 - 00 wtm oare gravhicoll.
od dn cactianin of A SO,
20 2any, o o Ml
) oane Ly
oo IPENSISIEN in
ol L. I Ll Tonon-
[ERANIRR b : pi o Lo
jole e =
a0 it Lire
the p v
( ool A Sooh wono! A

oracts adl i oon the o Salle cuvves

this S~ashapre curve cro=ars tihe A - curve (bifurcation

point);

(1) the ratio C 7C  # 1 noves e piforcation point toward
Toyger 0 vaiucs (sce fhe.

O3 iur Lner D reots cross
over apd exAchange th Lo Jhauu\ SO
Tuetieon, even in 2 s . Joselt-sustalined
oot Victorsy bavning, boelwoeon D oand B, (11()11.(i A LVﬁt" 1.

evon lavaer, I~ D roosts ceoaleosce: unders those crrounms
thove ds no slesdy reacioing solurior .,

roiint s

ant, Lo

! >'x aNCCS

Scelfi-guoiained osciilatory burning wmay only e Lound,
at o ogiven pyenaute, oy D0 valu ranaing botween A - D
rools coeloers mee and o= D roovs coalescence. Thoeoo pavtis-
calrr intervels of are plotted vs pressure in
Tab. 5. DBoth A=8 L= rosts coalesconce ccceur at

incrensing O, incooasing precsure. However, tho oxtent
of this critical {4 irtorval show cnly mipor incroases with
inc1guninq pDressure. The physical uppey limit for 0.0 is al-

50 pletted in Tab., 5 f“iq is dofincd by 'Qgir ColTg = 1y)
being Co = € by assunmplion, The value Usl = Co (T = Ty),
finclly plotted in Tubr 5, rorrecents the maxinun amount

cf nursace heat roleasce allowed by K735 nonlincarizod flame
according to Fg. 2,3.10. No such a Jimitation exists fcr
MTPS Llane,

Remark that O :anqin" Wwithin the value of Tab,., 5 is a
nececusary bul not sufficiont CHPdiLjon for the occurrence
of sell-suntoined oscillatory Lurning., Dynamic extinction,
due to decoioratang doltagration wavas or overstability, is
alwayvs an altoernniive (o Lhe hClJ-SLSPJiNOG oxcillatory
burning, Bven withoult cxicrnal diste iance, the actual range

B




of Qg values for which sclf-sustained oscillatory burning
may occur is narrower than indicated in Tab., 5. Indeed, in
this oscillatory reaime, the burning propellant bounces
back and forth under the cowmpeting influcence of D and B
roots. For dynamic reasons the amplituade of thesoe surface
temperature oscillationzs has Lo be soncewhat larger than
OS(E) - QS(D). This iwplics that, esvecially near B - D
roots coalescence, exbtinction will somcwhat shrink the

Qs range of sclf-sustained ogcillatory burning,

The freyuency of these sclf-sustained burning oscil-~
lJatdions is cxpected to be scowrwhal related to the condensod
phase thernsi wave relaxation time (al the final operating
conditions of a buwrning transient):

(2.7.5) Q = K2 (¥,F,0_,)

= 1/Tth,c

llowever, the cxact meaning of this pavamcter is open to
guestions in the present context, This point will be dealt
with further in nexi section.

A most signifticative way to summarirze the findings of
this investigation is shown in I'ig, 48, ‘T'his is a surfacc
temperature vs prescure plot at constant Qg (the standard
burning rate vs pressure plot on logaritmic scale is in-
convenicenlt for graphical rcaszons). Root A corresponds to
what is usually neasured in & strand burner. Hewever, for
pressures less than A-D coalescence, A root becomes stati-
cally unstable and thc solution is a sclf-sustaincd coscilla-
tory burning peaking slightly above E and below D roots.

For preasures less than B-D coalescence, in no way a react-
ing steady solution cen be found. Therciore, for a given
propellant, it can be concluded that pressure favors combus=—
tion stability. However, too large pressure might cause in-
stability of the monodimensional heterogeneous deflagration
wave (Ref, 89); but this is out of the range of validity of
this study. On the other side, for decreasing pressures, the
burning wave "jumps" abruptly from the usually steady confi-
guration to a large amplitude self-~sustained oscillations
before getting fully extinguished. Exactly this same remark
was made in Ref, 68 on a totally different basis. In view

of this, experimental techniques (and the very concept of
pressure deflagration limit) should be re-considered in

this region of marginal burning. Pressure deflagration limit
can be thought of as that critical value of pressure discri-
minating between self-sustained oscillations and no steady
reacting solution., It follows that pressure deflagration
limit is associated with loss of static burning stability.

A possible physical explanation of the above results
is the following., Any self-sustained rcactive system is ca-
pable of exothermic reactions. These partly occur in the
gas phasc (Q) and partly in the condensed phase (H). The
total energy release Q(¥) + IH[ is determined by the energy
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balance onthe overall steadily burning propellant for the

given sct of operating conditions, Yor a fixed set of ope-

rating conditions, &, incresscs while §,  decreases for "
. X . ; . SH > .
increasing burning rate. For low valuces of Hl, an increase

of burning ratce and theveby of §s = RiHlI is counterbalanced

throcugh a simultaneous accrease of §q,«~1/R and increase of
the heat flux qp,gvitigaksorbed into the condensed phase,
However, for lavge valurs of [H), an incwcuse of burning
rate might be aestabilizing 1if ¢, increases more than

(Gc,s - qQ,S). This implices an acceleration of the combhus-—
tion wave, that is the apperance of a D-tyvpe root in the
nonlinear static restoring function., On the other hand,

for the same sci of operating conditions, a large increase
of burning rate (up to orders of magnitude, see Sec. 2,8)
is strongly stabilizing. Indeed, under these circumstances,
the increase of qc,S is much largyer than the increase of

(§. + qgls) due to the Arrhnenius-type dependence of the
surface on the burning rate. This corresponds to the appca-
rance of an E-tvpo root in the nonlinear static restoring
function. Thervefore, at each pressure (see Tab. 5) a critic-
al (A-D coalesconce) value of surface heat rvreclease cexists
above which thec energy coupling between condensed and gas
phases becomes Jocally unstable, i.e. a burning rate di-
sturbance duc to the change of heat flux absorbed into the
condenscd vhase is counterbalanced only "in the large”
(through a limit cycle process) by an appropriate change of
heat feedback from the flame and the surface reacting layer.
At each pressure a second larger critical (B-D coalescence)
value of surface heat release exists above which the energy
coupling between condenscd and gas phases becomes totally un-
stable (except at the trivial root C), due to the excessive-
ly large thermal gradients occuring in the condensed phase
near the burning surface,

As to the pressure effect, increasing pressure implies
increasing Q, which subsequently required a larger value of
IH| for destabilizing the combustion wave. Larger pressure
require larger value of |H| for triggering both upper insta-
bility and the self-sustained oscillation mechanism.

§ 2.7.4 - Ignition of solid propellants

Attempts are being made to extend the (nonlinear) dy-
namic combustion stability analysis to ignition transients.
Just as dynamic extinction, ignition can be seen as a stabi-
lity problem in which transition occurs between two statical-
ly stable configurations: from reacting to unreacting for
dynamic extinction, viceversa for ignition. Obviously, for
both problems the transition cannot rigorously be described
by a transient model with guasi-steady gas phase. However,
for both problems it is not easy to do better and probably
not strictly necessary.

With this limitation in mind, numerical runs were perform-
ed under several operating conditions to check whether the pre-
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viously defined lower dynamic stability boundary (cf.:2.7.1)
singles ocul a critical condition for igrnition transicnts tco.
In general, the answer is no. This is not surprising, since
the lower dynawic glability boundary was evaluated by neans
of the static restoring function. In turn, this is based on
finite disturbances of burning propellants from a starionary
confiqguration. However, for some specific problecms the aynig-
ic stability analvsis turned out usceful. Por cxample, for o-
verdriven ignition transicents the dynamic burning foilowing
the cxternal crerigy source cut off may lead to extinction
(Refs. 58-59). This is correctly predicted by the stanaurd
lower dynamic stability bounaary. Under appropriate ciraun-
stances, whose extent is presently under study, this bounda-
ry assigns also o static requirement for ignition to occur.

§ 2.7.5 - Final remarks on dynanic cembusbion stability

A graphical summary of the (nonlinecar) combustion stabi-
lity analysis is offcred in TFig. 49. This is a standard

R vs P plot. The curve R(P) 1is obtoined cxperimentally; the
same curve is reproduced by KTSS (both lincarized and nonli-
near versions) flame model. MTS flawe model also reproduces
the experimental R{P) curve, but with some tolerance due to
the fitting proccedure requived to evaluate the proper gas
phase parameters; however, this tollerance can be made negli-
gible if enough care is exerted. The combustion stability a-
nalysis is then ablc to predict the lower dynwiic stability
boundary, the static stability boundary, the pressure defla-
gration limit and the seli-sustained oscillatory burning re-
gime. The region of dynamic stability is bounded also upward
by an upper dynamic stability boundary (not drawn) . which
would lie somewhere above the R(P) curve, extending from the
self-sustained oscillatory burning region up to some maximum
pressure; in this pressure interval damped oscillatory burn-
ing is expected.

All stability features discussed in this study were de-
termined within the framework of a thermal model of thin
(quasi-steady) heterogencous flames. Both static and dynamic
combustion properties, including self-sustained oscillatory
burning, are related to the thermokinetics of the deflagrat-
ing surface. Diffusive effects and wave propagation in the
gas phase were neglected.

The general behavior of thin heterogeneous flames, for
decreasing pressure, in the standard burning rate vs pressure
plot (Fig. 49) includes stationary burning, damped oscillato-
ry burning, self-sustained oscillatory burning, and no self-
sustained reacting solution. The critical value of pressure
under which self-sustained reacting solutions are no longer
allowed is the pressure deflagration limit. The available
quasi-steady flame models are questionable in this marginal
burning domain; however, this new concept of pressure defla-
gration limit associated with heterogeneous (thermokinetic)
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burning instability raother that nonadiabaticity of the con-
bustions wave makes sense. Nonadiabacity increascs the value
of pressure deflagration limit; other stability boundaries
are affected as well.

The nverall picture of thin heterogencous flames for
the first time scems fully understood. Remark that the tran-
sicent behavior of such flames is predicted for both pressurce
ana radadiation driven combustion waves. ‘Thin heterogeneous
flames are (I'ig. 49) statically and dynamically unstable be
low the dynamwic limit, statically and dynamically stable a-
bove the static limit (except for damped oscillations), sta-
tically unstable but dynamically stable in the regicon betwecen
the two limits. Recall that the dynamic limit is valid instan-
tancously {or forcing functions monotonically decrcasing in
time, asymptotically (Tt v_,.) for forcing functionsof arbi-
trary shape but levelling 0Ff in time (in particular, pres-—
sure or radiation pulses).

§ 2.7.6 - Important remark on the static boundaries

Pressure deflagration limit has revcaled its nature of
boundary of steady burning stability associated with decreas-—
ing pressure. On the contrary, the "static burning stabilitcy
boundary" introduced in § 2.6.2 has to be interprectcd as a
boundary between existing and nonexisting steady solutions
associated with increasing heat loss and/or decreasing ambient
temperature. It should be called more properly "static burning
boundary”; in what follows, for the sake of clarity, it will
be called "static burning (stability) boundary”.

V. FVORI
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Sec. 2,8 - MWMERICANL COMPUTATIONS

Conputer chechks were verformad by scolving numerically
the compleie EDE formulaticn of the c¢encral quasi-steady
gas phase transicnt problem (sce Sec. 2,2), whercas the
combustion stability boundaries wera delermined by analyv--
tical means from considerations about the approximately
quivalent ODL formulation (sce Scc. 2.7).

§ 2.8.1 - Numerical Apnroach

In this subscction tho nunerical code emploved for
the solution of the PDE foriwlaition of the problam is do-
scribed. Quasi-s cady gas phase transients can boe siruwlat-
ed with any kind of law (curonential, parabolic, linecar,
pulsed, ....) for the history of the controlling parametors
(pressure and/or radiation) and for scveral flame modelg
(MTS, KTsS, KZ, and LC). Computations were mostly performed
for the propellant AP/PBAA No. 941 whosc properties are list-
ed in Tab. 1 .

The nonlinear parabolic PDE of Eqg. 2.2.2 was integrat~
ed according to numcrical gchemes taken from Ref, 91. Consi-

der the simple problem

A0 _ 370 _ g
it T %
(2.8.1)4

1}

o(xX,t = 0) given

boundary conditions
~

where 6 =9 (X,T) and o is a constant assumed positive,.

The time derivative is numerically approximated (see Fig.
50) by a weighted average of the values_in the neighbor-
hood of the point we are solving for O§i1 (scheme No. 13,

p. 191 of Ref. 91):

n+1 n n-1
20 v 1 3/2 oj+1 - 2@j+1 + 1/20j+1 .
9T 2 AT
. 372001 - 20" + 172077
(2.8.2) E hi 3 +
6 AT
37201 - 207 4 120"
1 i1 -1 j=1
2 AT

The second space derivative is numerically approximated by
a standard central difference:
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n+i _ ,.n+l n+1

(2.8.3) 320 o '3+ 20 Y05
3x# (LX) ?

This scheme is particularly convenient for rapidly varying
functions and is known to be always steble. hn estimate of
the truncation ¢rror is given in I'ig, 59.

An alternate numerical approach (see Tig. 50) also
implemented in the code resorts to a simple Crank-Nicholson
schienn (scheme No. 2, p. 189 of Ref. 91) for which the time
derivative is simply

n+1i n
0. ~ 0L
89 ~ 3
(2.8.4) T AT

This classical Crank-Nicholson scheme, requiring two time
levels, is always initiable since in our transients the first
vector in time is just some steady state thermal profile
{usually evaluated by aralytical expressions). On the con-
trary, the scheme of Eg. 2.8.2 demands an initialization pro-
cedure since the knowledge of two previous time vectors
on=T(x) and eN(%) is required when solving for the current
vector Qn+1(X). The simpler scheme of Egq. 2.8.4 is therefore
always implemented for the first few time integration steps.
It is an user's option then to switch to the scheme of Eq.
2.8.2 (more suitable for rapidly varying phenomena) or to
stick with the scheme of Eg. 2.8.4 (more suitable for contin-~
uous adjustments of the time step size).

However, our problem includes other lower order terms,
such as the first space derivative in the convective term,
which can jeopardize the utility of the above numerical
schemes, It is shown in Ref. 91 (p. 195) that stability is
unaffected by the presence of lower order terms with constant
coefficients. In our case, the strong nonlinear dependence of
the convective term not only affects the cheoice of the time
step size but also might influence the stability of the over-
all approach. No general safe method exists for dealing with
the complicated problem of Sec. 2.2 and the obvious method
of using the above numerical schemes with sufficiently small
discretization steps was adopted. The time step size is as-
signed within a range of values which are always a fraction
more or less small (depending on the specific computation)
of the corresponding condensed phase characteristic times.
Moreover, with the scheme of Eg. 2.8.4 it is an easy matter
to adjust the time step size At at each integration step by
monitoring the tolerance of the predictor-corrector approach:

On+1 - 0n+1(1)

o™ (1)

x 100 = 8

where 0g is the predicted value of surface temperature (by
parabolic extrapolation of the past 3 values) and 0(1) is




the corrected value. The tim> step size A is adjusted
autontatically, within preassigned poands, according to
Sto1 value. "The practical conscauence of this procedurce

is that the surfacc temperature vradient in time is usual-
ly very small. The space mesh size is discussed next,

Both the boundary conditions of Eq. 2.2.2 have a
direct influence on the space net dimension, but their reo-
quirements arc in opposing dircctions: BC2 roequires an ox-
tended space net which goes deep inside the solid phasc,
while BC1 requires a finc s»mace net. In order to avoid un-
necessary expenditure of computer core and time, the termo-
rature at the coid boundary 1is considered to be approxina-
tely zero when it is of several orders of naunitude lesso
than the surface temperatuvre. Computer runs peoriormed for
different sets of input data and operating conditions in-
dicate that cold boundary temperatures 0 (Xes-—«,1) = 0(10°9)
or less have no appreciable influcnce on the structure of
the thcrmal prefile near the surfacce of the condensed phasece.
At each time step the total number JIJF of space steps is
then chosen by reguiring that 0 (X—»-«,1) is conveniently
small but not too small (in such a case J¥ is decreased),

The numerical trecatment of BC1 of Eq., 2.2.2 has
proved to be most delicate. This is obvious if one consi-
ders that the coupling of the gas with the solid phase is
expressed precisely through the eneray balance of BC1. An
error is introduced whenever the temperature aradient at
the surface is evaluated using a too large space step. Phy-
sically, this is due to the fact that volumetric terms (ra-
diation penetration, convective and unsteady cffects) be-
come important compared to the surface terms (collapsed
recacting layer, condensed and gas phase side thermal gra-
dients) and cannot be neglected in the enerqy balance across
the finite thickness AX required by the numerical approach.
For each run the space mesh size AX is then chosen by requir-
ing that across the first AX

BC1 error = A0 due to volumetric terms <<
“ A0 due to surface terms

The above check is made at cach time integration step. Com-
puter runs performed for different sets of input data and
operating conditions indicate that a BC1 errcor up to a few
percent, at most, has no appreciable influence on the over-
all numerical solution.

The numerical molecule shown in Fig, 50 is associated
with a single mesh of dimensions AX.At and implies the solu-
tions of JF simultancous algebraic equations on 3 (scheme
of Eq. 2.8.2) or 2 (scheme of Eq. 2.2.4) time levels. The
parameter JF is an integer assigning the total number of
nodes in the space net.The algebraic system derived from
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the discrotization of the PDE of ¥q. 2.2.2 is then cast in a
very spocial form called a tridiagonal matrix, An efficient
method of soluticn suitable for automatic computations is
indicated in Ref. 91 (p. 199). Both the schemes shown in
Fig, 50 avce implicit and unconditionalliy stable (when ap-
plied to the simple diffusicn problem discussed at the be-
ginrning of this section). However, schewe (a) is supericr

to scheme (b) in that, containing more "memory of the past",
it better represents rapidly varying functions. liorcover,
the truncation error for scheme (a) is of order (AX)Y rather
than (AX)”? as it is for schome (b). On the other hand,schcome
(h) is more suitable for continuous adjustments of the time
step size and does not require an inizialization procedure.

A flow chart of the ovcerall program is shown in Fig. 51a.
The program allows the user to perform 4 different types of
calculation by assigning the appropriate code value to the
parameter I0P, Transients of ignition, depressuvrization, or
deradiation and stcady states can be computed for fixed val-
ues of external controlling paramcters. The first step is
the computation of the restoring function by PPSTPL subrou-
tine. Giving an appropriate value to the paramcter NOSTAB,
values of the restoring function at different conditions
are computed and printed. This computation can be avoidced
giving the value ¢ to the paramcter. As a second step, the
steady state confiquration corresponding to the arbitrary
but fixed initial conditicns is evaluated. This is done nu-
merically by the subroutine RTMI (taken from an IBM scien-
tific package) solving the nonlinear algebraic encrgy con-
servation equation by a bisection method (Ref. 90 ). The
transient 1is, then, evaluated by implementing the numerical
schemes already described.

The coupling of the condensed phase energy equation
to the surface pyrolysis law through the convective term of
the PDE of BEq. 2.2.2 requires an iterative procedure for
the surface temperature 0g5. Moreover, for the MI'S flame mod-
el the coupling of the condensed phase energy equation to
the gas phase heat feedback law, through BC2 of PDE, re-
quires another iterative procedure for the flame temperature
O0f., Notice in the flow chart of Fig.51b that the 0¢ loop is
internal to the 0g loop. Therefore, the overall approach
consists in evaluating 0f¢ for an assumed value of 95 and
then in checking 9g. This is done with a simple trial and
error procedure for the first new integration steps; suc-
cessively, a predictor-corrector type of approach is im-~
plementced through a parabolic extrapclation. This is ac~
complished separately for both loops and for each of them
a convergence test is applied at every integration step ac-
cording to the following definition:

corrected value - predicted value
corrected value

loop error =

Typically, an error of less than0 ,3% is specified. .




Typical values used for the time and space step sizes
{ are: :

At = 0,01 and aX = 0.01

Such values are by no means mandatory and have been adapted
to specific situations with the overall goal of the hest

i compromisc of cost vs accuracy. A minimum number of abcut

N one hundred steps in time is usually performed. Since the

.- surface temperature gradient usually changes in time, a va-
riable time step size is used during the same computation
according to the proccdurce nentioned above. A minimun saua-
ber of about one thousand steps in space is usually adopted.
However, particular situations (e.g., self-sustained cscil-
lations of burning rate cr oscillatory changes in time of
external radiant flux intensity impinging on a scnsibly

[ transparent propellant or transients near pressure deflagra-
tion limit) may reguire much more tcdious conputations).

The program has been writtcen in FORTRAN 1V lan-

- guage and has been run mainly on UYIVAC 1100/80 comnuter,
, A typical run requires a core of about 50 K. Several sub-
L . rcutines are also available in BASIC and implemented on

np-85.

[ A series of checks were made, and some were incorporat-
ed permanently in the program, in order to make sure that
the overall numerical approach was performing as intended.
Actually, the difficulties inherent in the numerical solu-
tions deserve a full study by themselves; therefore, only
semi~empirical tests werce performed. The first obvicus
check is to comparc the results obtained in this study with
. those found in previous investigations. Likewise, very help-
“ ful is the comparison of the steady state solutions found
numerically with the corresponding analytical solutions.
These checks were used to localize all possible trivial er-
rors upstream of the overall numerical approach. The appro-
priate choice of the time and space size was verified ac-
cording to the standard procedure of varying the time and
space mesh size in a programmed manner, while keeping the
input data fixed, and making sure that no appreciable dif-
ference in the results could be detected by halving or
doubling the mesh size. The stability of the overall nume-
rical approach was checked by letting the computer run free
on hypothetical transients with no change in time of the
controlling parameters, Oscillations of negligibly small
amplitude around the initial steady state configuration
(known to be physically stable) were observed. All these
checks, although successful, not only are not conclusive
but alsoc are, in principle, restricted to those specific
situations in which they were performed. It was felt conve- 3
nient to have some form of internal check in the program
itself, so that each run could at least be considered self-
consistent, Therefore, at each integration step, not only
the cold boundary temperature and the BC1 error previously
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mentioned, but also the integral balances of enerqgy in the
i solid phase and across the whole deflagration wave are
checked. Again, thoese also are not concliusive tests but
must rather boe viewed as effective warning signals vhenever
. -he inteygral balance is not satisficed at any stage of the
‘ transient.,

§ 2.8.2 - Dynanic cxtinction of solid propellants

- Checks of the lower dynamic stablility boundary were
perfcrmed for several devadiation and depressurizotion tran-
sicnt lows (sce Tab., 9. Sinco the lower dynamic stobility
boundary corresponds Lo statically unstable roots, it cannot
be observed directly either cxperimentally or numerically. A
go/no-go technique is reqguireda (sce Figs. 52-53). Results ob-
tained are graphically illustrated in Pigs. 52-66 and summa-
' rized in Tab. 10. They confirm the analytical predictions as
to the lower dynamic stability boundary; in particular: |

(1) its indepondence on the specific monotonic laws implement-
y ed {lincar, bilinear, pavrabolic, cxponcntial), Figs.54=57.
. (2) its indepcndence on the specific coefficient rate of a
given wonotonic law. Figs, 52-53.
{3) its validity both for depressurization and/cr deradiation
transients. Figs., 61-62.
(4) its validity for both optically opague or transparent con-
1 densed phase.l'ig, 63,
(5) its validity for simultaneous or consequential mcnotonic
forcing laws. Figs. 64-65,
{(6) its validity for pulsed forcing laws. Fig., 66,
(7) its dependence on final operating conditions. Figs. 57-60,
(8) its validity for MTS and KTSS nonlinear flames; no lower
- dynamic stability limit exists foir KTSS linear, Kz, and
LC flames.

t is further suggested that n = 3 gives an excellent
agreement for any transicnt with final pressure rot larger than,
say 30 atm. For larger final pressure either n < 3 or more ac-

. curate numerical schemes (due to the strong dependence on ini-
e tial conditions) are to be implecmented; this is yet under
g study.
&

y § 2.8.3 - Upver dynamic cowbustion stability

j Results concerning the upper dynamic stability limit are 3
4 illustrated in Figs. 67-68. Runs with exponential increase of ‘
f’ pressure from P; = 10 atm to Pg = 30 atm are plotted for sev-
“4q eral values of %he surface heat relecase Qg (cf. Tab. 4. As

3 expected (cf. Fig. 43), for |QSI sufficiently low (Fig. 67), !

one observes a smooth transition from the initial to the fi- 4

nal steady state equilibrium configuration (see, for exanmple, i
Qg =-150 cal/g). For larger values of |[Qg|, a vigorous acce- 3
leration of the wave occur (Fig. 68). Following this, the he- 1
terogeneous deflagration wave will relax toward a stationary

solution (Fig. 69)., This is the stable steady state reacting !




configuration for |Qgj less than the A-D roots co:les?cngs
value, self-suastained oscillations for {Qsl larger than tae
A-D roots coalescence value, and the stable cteady state un-
veacting configuration for [Qg! larger tnan the B-D roots
coalescgncc salue or whenever the dynawics of the transient
is too fast compared to the propcllant responsae capability.
This is discussed next,

§ 2.8.4 - Self-sustained oscillatory burning of solid pro-

The pressurization runs from 10 to 30 gtm~shown.in ﬁ}g.
69, for soveral values of Qg,were computed 1mp1emon§}ng MTS
flame. The results nicely coniirm the existence of the three
static burning regimes predicted by the bifurcation diagram

of rig. 43. Remark thet Qg1 = 180 cal/y is less inan the
A -D roots coalescence values (lel = 190 cal/g), while [Q4'=
220 cal/g is very close to the B - D roots coalcsconce value

( JOg}= 222 cal/g). Compare with Tab. 4. Notice tha? for in-
creasing {Qg!, the same external forcing function gives merc
pronounced dynamic burning effccts. For example, see the suc-
cession of tho initial surface temperature pecaks in F;g. 69
for the three indicated value of Qg. Largce values of }Qsﬁ fa~-
vor (dvnamic)extinction,dus Lo overstibility,during the initial transicnt.

For |{Q4 = 200 cal/g the numerical solution of the pres-
surization test confirmr that, after a certain transient, the
combustione wave undergoes characteristic, sharp sclf-sus-
stained oscillations around A root (64 = 1.61) and D (g =
0.94) roots. The results of further computer simulated testsg
are summarized in Tab. 11. No self-sustaincd oscillatcry re-

~

gime was found for several values of }st$180 cal/g and

|0g1> 210 cal/g. But for Qg = -200 cal/g, after a few transient
cycles, exactly the same oscillatory pattern was found for
expornential pressurization tests to 40 atm with By = 200
from P; = 10,20 and 30 atm. However, the amplitude and the
period t . of the surface temperature oscillations decreased,
for incrgasing final pressure, according to the values listed
in Tab. 11. Exponential pressurization tests to 50 atm, with
By = 200, from P, = 10 or 40 atm confirmed this point. all
this evidence neatly suggests that, for a propellant with

the appropriate value of Qg, thec existence and the proper-
ties of the self-sustained oscillatory regime are uniquely
defined by the final operating pressure (being all runs per-
formed at fixed ambient temperature of 300 K and for adiaba-
tic burning). In Tab. 11 for the reader's convenience,the val-
ues of ©5(E), 64(D), and 65(A) are plotted for n = 3. Like-
wisc, the value of thermal wave relaxation time in the con-
densed phase, Tth,c =R -2, are given. However, the exact mean-
ing of this parameter in the prescent context is open to ques-
tions.

The previous computer simulated tests were obtained by
implementing MTS flame. Pressurization tests with KTSS non-~
linear flame, from 10 to 30 atm with Bp = 1, were also per-
formed. Unfortunately, the value of Qg =-200 cal/g falls




outside the range of applicability of the KTSS nonlinesr
flame at 10 atm; therefore no direct comparison with MI'S
flame was possible. The samc pressurization test was then
attempred for Qg =-180 cal/g. A self-sustained oscillatory
regime was detected (TO -2.8), with the same general features
obsorved with MTS flame (see Fig. 70).A self-sustained oscil-
latory regime with ETSS nonlincar flame was also deitected by
Kocker and Helson (Ref, 74) who found 145 = 1.36 at 68 atm

for |Qs| = 105.8 cal/y (their i1} = 0.88).

The characteristic spikes, cbserved in all run, of the
burning rate oscillations physically suggest a succession
of thermal cxplosions of surface layers (strongly and in-depth
heated by the intense heat source due to large |24l values at
the burning surface slowly regressing for most time) followed
by similarly fast burniny rate decrcase (due to tight coupl-
ing condenscd/ges phases at high burning rates) and slow
thermal wave build-up (ignition lag). For any combination of
pressure and surface hecat releasce, a more or less narrow
range of values cexists for which sclf-sustained oscillatory
burning is the only allowed combustion regime. In any event,
within the framework of hetecrogeneous (thermokinetic) thin
flame combustion stability thecry, low pressurce associated
with large surface heat rcleasc favors self-sustained oscil-
latory burning.

A region of particular intcrest is near the prossure de-
flagration limit, 1t was predicted analytically (see § 2.,7.3
and is confiirmed numerically that low frequency self-sustained
oscillations show up when the pressure is lowered down to the
deflagration limit., Several experimental reports on this phe-
nomenon can be found in the Soviet literature. A recent paper
by Japancse authors (Ref. 92) further claims that low pressure
self-sustaincd oscillations can also be associated with (stea-
dy) external radiation. Computer runs in agreement with this
exprerimental observation are shown in Fig. 71:notice that fre-
gucency increases and amplitude decreases for incrcasing in-
tensity of the impinging radiant flux.

§ 2,8.5 - Effect of Cq/cc # 1

The effect of specific heat ratio not (necessarily) unity
is to make dynamic extinction more difficult due to both slight
decrease of the lower dynamic stability boundary and larger re-
sistance to changes of the instantaneous surface temperature.
Sce Fig. 72. The overall effect is not large, though.

The consequence of C4q/Cs # 1 on the self-sustained oscil-
latory burning is more sensible. At a given pressure, oscilla-
tions require larger |QS rcfl and, mainly, feature less impor-
tant spikes than for C 1. See Fig. 73. At a given
Qs,ref, oscillations sgow up for decreasing pressure until the
deflagration limit is reached. See Fig, 74.
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§ 2.8.6 ~ Ignition of solid propellants

Several go/no-go ignition transients were perfocrmed. A
significative example obtained with MTS flame is shown in
Fig, 75. The two runs plotted in this figure are identical,
except a negligibly faster cut-off of the external radiant
source for the extinguished case. The minor dynamic effects
associated with the cut-off of the external radiant source
are not enough, for the ignited case, to lead the instanta-
neous surface temperature (or burning rate) below the corre~
sponding critical value. Under the specific operating condi=-
tions of Fig. 75, the lower dynamic limit is seen to consti-
tute a rather accurate boundary both for the static (minimum
energy) and dynamic (smooth energy source cut-off) ignition
requirements. This, however, cannot be generalized. Indeed
the lower dynamic limit was evaluated for an initially stea-
dily burning propellant. The exact connection, if any, bet-
ween ignition and lower dynamic limit has yet to be investi-
gated, On the other hand, in the case of dynamic extinction
of steadily overdriven burning rates associated with igni-
tion transients, the lower dynamic limit is expected to be
fully valid.

Further computed simulated ignition transients are illu-
strated in Fig. 76 (exposure time T, = 140 and linear deradia-
tion with B, = 200) and Fig. 77 (tg = 112 and B, = 20). Both
examples show some dynamic burning effects associated with
the external radiation source cut-~off, Moreover, under the
specific operating conditions of Fig. 77, the propellant is
seen to ignite before reaching the lower dynamic limit.Very
likely this is due to slow, volumetric heating of the propel-
lant slab associated with low external radiant flux intensity.
Slow, volumetric heating is also responsible fcr the large
and fast surface temperature damped oscillations appearing
in Figs., 76-77 but not in Fig. 75.

The radiative ignition map shown in Fig. 78 was obtained
by numerical computations with a trapezoidal, monochromatic
and perpendicularly impinging pulse of external radiation.
MTS flame was implemented; a pressure range from 10 to 30 atm
was explored for both optically opaque or transparent con-
densed phase. The results obtained show that the ignition
boundary tends to be a straight line in the 1lg/lg plot (time
of radiant heating vs radiant flux intensity). However, this
straight line is no longer valid for low pressure and/or large
radiant flux intensity. Dynamic extinction associated with cut-
off of the radiant source made ignition impossible at 10 atm
and large radiant flux; it was found necessary to decrease the
rate of the radiant source cut-off, Optical transparency makes
ignition more difficult (in that the minimum time of required
radiant heating increases), since the heating effect is vol-
umetrically diluted., All these effects are well known experi-
mentally, An orientative comprarison with experiemntal data
collected in Refs, 3 or 59 is shown in Fig. 79: the solid lines
fitting the experimental data are seen to correspond surpris-
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ingly well with the computed points. Notice that the compo-
sition with no carbon shculd be less opague to radiation
than the composition with 1% carbon.

The general behavior of computed ignition transients
is shown in Fig. 80 where surface temperature, flame tempera-
ture, and heat feedback are plotted vs time for a given ra-
diation pulse. Remark that numerical modeling of ignition
can be attempted only with MTS or KTSS nonlinear flames. How-
ever, in the very low burning rate region it was found neces-
sary to tailor these flame models to obtain a well behaved
limit for 05 + 0. The following steps were taken for 0y < Oy:

C
4g,s = R [o - &2 (o, - es)]

(o]

where of ,x is obtained from Eq. 2.2.7 letting 6g = 0x. This i
minor modification should work with any suitable flame model
and makes sure that )

lim & (¥,R)/R = 0

§ 2,8.7 - Further computer runs on dynamic combustion stability

Computer simulated burning transients triggered by a va-
riety of pressure and/or radiation pulses are being performed.
The purpose is to check the validity of the analytical predic-
tions in the case c¢f forcinj functions of arbitrary shape but
levelling off in time. The results so far obtained are extre-
mely encouraging. An example of radiative pulse was shown in
Fig. 66; another example, dealing with pressure pulse, in
discussed in Ch. 3 with reference to shock tube experiments.




Sec, 2.9 - STATE OF THE ART OF THE NONLINEAR APPROACH

The problem of the quasi-steady gas phase burning of a
solid propellant is being dealt with in a rather general form,
In order to retain the nonlinearity of the problem, an approx-
imate formulation in terms of an ODE was written. This was
done by means of an integral approach limited to situations
in which no inflection point in the history of the condensed
phase thermal profiles would occur. It is shown that important
facts (see below) of heterogeneous combustion may be ascertain-
ed. The two fundamental regimes of static (intrinsic random
perturbations) and dynamic (externally assigned changes of the
controlling parameters) stability of heterogeneous Ilames, al-
lowing for finite size disturbances, are examined.

The following facts emerge from the nonlinear static sta-
bility analysis. For a given set of parameters:

1. a stable stationary nonreacting equilibrium configuration
(trivial solution) is always found.

2. a stable, stationary (low 'Qs’ref| and/or large pressure)
or self~sustained oscillating (large !Qs,ref| and/oxr low
pressure), reacting equilibrium configuration may be found,

3. a stable stationary reacting equilibrium configquration is
found before A-D roots coalescence occurs,

4, self - sustained oscillations are found between A-D roots
coalescence and B-D roots coalescence,

5. after B~D roots coalescence, no stable reacting equilibrium
solution is found.

6. the static burning (stability)} boundary, for small but £fi-
nite size random intrinsic disturbances, is the locus of
A~-B roots coalescence at fixed pressure,

7. the pressure deflagration limit, for small but finite size
random intrinsic disturbances, is the locus of B-D roots
coalescence obtained by lowering the pressure for fixed
chemical composition (i.e., fixed Qg .. ¢) and fixed set of
operating conditions. w!

8. the static stability of the steady state equilibrium confi-
gurations can be measured by the slope of the static restor-
ing function vs surface temperature at the point 0g of inte-
rest, '

9, The effect of the relevant parameters can be easily evaluat-
ed by considering the corresponding bifurcation diagrams.

it

The following facts emerge from the nonlinear dynamic sta-
bility analysis. For a given monotonic or pulsed law of time-
wise decrease of the controlling parameters:

1. extinction may occur even though the final point of the tran-
sition is statically stable.

2. the lower dynamic stability boundary,for finite size distur-
bances consequent to timewise changes of the controlling pa-
rameters, is the locus of the statically unstable roots
(B~type) associated with the final operating conditions. It
holds true instantaneously for monotonic forcing functions,
asymptotically for pulsed forcing functions.




3. the lower dynamic stability boundary holds true both for
deradiation and/or depressurization runs, and is not af-
fected by the details of the specific forcing law imple-
mented.

4, upper dynamic instability is related to D root and may
cause vigorous acceleration of the combustion wave or dy-
namic extinction.

The following facts emerge by comparing several flame
models:

1. the KTSS linear, KZ, and LC flame models are physically
meaningless for burning rate less than about 90% of the
steady value.

2. the KTSS nonlinear flame model is physically guestionable
for burning rate near zero.

3. the MTS flame model is in principle acceptable over the
whole range of burning rate.

The following facts emerge by changing the order n of the
polynomial approximating the disturbance thermal profile:

1. C and A roots are not affected.

2. B, D, and E roots are affected.

3. the static burning(stability) boundary can be predicted in-
dependently of n.

4, the pressure deflagration limit is predicted in function
of n.

5. the dynamic stability boundaries (both lower and upper) are
predicted in function of n.

6. the polynomial of order n=3 gives accurate results up to
30 atm of final pressure, n < 3 may be more suitable for
larger values of pressure, This point is not yet definitive.

The physical meaning of the stability boundaries is the
following. The static burning (stability) boundary defines
that ultimate burning rate or surface temperature, for a given
pressure, below which steady self-sustained burning is no lon-
ger allowed. The dynamic stability boundary defines that ulti-
mate burning rate or surface temperature, for a given set of
operating conditions, below which extinction necessarily fol-
lows. The fundamental importance of this distinction is stres-
sed by the fact that, under dynamic conditions, the propellant
may momentarily burn also in a region of statically forbiden
configurations., It is shown that the dynamic stability boun-
dary collapses to the range of influence of the statically
stable equilibrium configuration when the rate of change of
the externally controlled parameters is negligible. The pres-
sure deflagration 17mit defines that ultimate pressure, for
a given chemical composition and set of operating conditions,
below which steady self-sustained burning is no longer allowed.

Notice that numerical values have been given only for a
particular composite propellant (AP/PBAA No, 941). This was
done simply because for this particular propellant properties
and good flame models were readily available. It is felt, how-
ever ,that all analyses were conducted from a broad point of




view, and in no way were they dependent on the particular
type of propellant chosen as datum case. Therefore, the con-
ceptual results are expected to hold, although in different
ranges 0f the relevant parameters, for a wide variety of sol-
id propellants.

In particular, the nonlinear stability theory of hetero-
geneous thin flames developed in this report shows that:

1. pressure ceflagration limit can be predicted even for
adiabatic combustion waves.

2, self-sustained osciilatory burning is found for both in-
creasing iQS,ref{ (at a fixed pressure) and decreasing
pressure (with a fixed chemical composition).

3. damped oscillatory burning is found for Dpoth increasing
le,Jnaf! (at a fixed pressure) and decreasing pressure(with a fixed
chemical composition) before the self-sustained oscillatory
burning.

4. the effect of Cyq/C. # 1 is appreciable in reducing the am-
plitude of seli-sustained oscillatory burning,

5. the effect of radiative heat loss from the burning surface
is negligeable.

6. ignition transicnts in gcneral cannot be fully predicted.
7. all findings have a clear interpretation in the standard
pressure vs burning rate plot.




CHAPTER 3 - EXPERIMENTAL UNSTEADY BURNING RESULTS

Sec.- 3.1 - SHOCK TUBE EXPLERIMENTS

The pressure deflagration limits of the three propellant
formulations under consideration (an A¥--bascd composite, a
catalyzed DB and a noncatalyzed DB) were determined in the
actual operating conditions of the shock tube (Fig. 81a).
These experiments were conducted statically, i.e. a propel-
lant sample was placced in the test section of the shock tube
(end wall) and ignition was attcmpled by means of an elec-
trically heated wire (Fig. 81h). The ignition was considercd
successful only if a self-sustained flame would develop. The
test was repeated for several pressurizing gases (nitrogen,
air, oxygen) and for ambient pressure parametrically changed.
Results for the composite propellant are shown in Fig. 82
{(not self-sustained flame mecans that a visible flame would
develop but disappear immediately after an electrical heat-
ing of several seconds duration). The samples were cylindric-
al pellets of 8§ mm diameter and about 10 mm thickness. Tests
with noncatalyzed DB samples of 16 mm diamcter did not show
any appreciable difference.

Samples were then placed at the same location, ignited
by an electrically heatcd wire and, once steadily burning,
subjecied to shock waves of different strenght. The overall
experimental apparatus is sketched in Fig. 83. The light e-
mitted by the burning propellant was detected by means of a
photodiode directionally selective and sensitive in the visi-
ble and near infrarcd (spectral response pecak at 0.8 fim). Sev-
eral tests with different propellants, ignition pressures,
pressurizing gases, and shock speeds failed to show conclusi-
ve trends as to the dynamic burning rate behavior (as reveal-
ed by the light emission). The basic difficulty is the fast
succession of shock waves and expansion fans impinging on the
surface of the burning propellant during the same test. For
example, see Figs. 50-51 of Ref.8a (in which the period of
the pressure pulse is about 10 ms). In this series of tests,
complete extinguishment of the propellant was never achieved.

In order to overcome the problem just mentioned, the shock
tube was slightly modified to work as a piston tube. At pres-
ent, a teflon piston weighting 1500 icsused (Fig.84).In this o-
perating configuration, a longer period (about 50 ms) of the
pressure pulses can bce obtained and, in general, a better con-
trol of the whele experimental apparatus is possible. A series
of cxperiments was performed with the piston tube in order to
study the effects of compression waves on a burning solid pro-
pellant. Tests were conducted with two different propellants:
an AP-based composite and a noncatalyzed double base. Samples
of propellant were located on the end wall of the piston tube
and, while steadily burning, were subjected to the effects of
compression waves. The tests were carried on with different
initial conditions, changing the initial pressure between
0.5 and 1 atmosphere and with tihree different test gases (ni-
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trogen, air, oxygen) in orcer to change the initial concen-
tration of oxygen.

Preliminary results obtained with a noncatalyzed DB
were shown in Figs. 52-55 of Ref.82, In those runs it was
observed that extinction of the burning sample could occur
under the action of compression waves. Further, systematic
experimental analysis was then performed with a noncatalyzed DB
and a composite propcllant (AP/PVC); a detailed description of
experiments and results was reported in Ref, 16. It was confirm-
ed that burning stability of sclid propellants can be very much
influenced by rapid pressure variations, especially in the pres-
ence of oxygen in the surrounding atmosphere. A pcrmaprent ex-
tinction of the burning propellant was observed in several cases.

A further series of experiments at the piston tube rig
(Refs. 8b, 16) was pcrforned with the eid of high speed cinema-
tography.A composite propellant (AP/PBHT)was tested.A sketch of the
experimental apparatus is shown in Fig. 85. Samples of pro-
pellant (16 mm diamcter) were located on the end wall of the
piston tube and, while steadily burning, were subjected to
compression waves., The initial pressurec in the test section
was 1 atm and the initial concentration of oxygen was changed,
using three different test gases (nitrogen, air, oxygen). The
maximum pressure reached in the test was of the order of 130
atm and the duration of the pressure pulse was of about 15 ms.
During each run, pressure and luminosity were measured respec-
tively with a piezoclectric pressure transducer (PCB-113 A)
and a photcdiode (Hewlett-Packard HP 5082-4205); moreover, in
order to better visualize the combustion phenomena, high speed
color povies were taken, using a Hitachi 16 HD camera at
speeds ranging from 3000 to 7000 pps.

A typical series of photograms, obtained testing in air,
is reported in Fig. 86; the corresponding pressure and lumi-~
nosity traces are shown in Fig. 87. The photograms show a
rapid increase of burning durina the pressurization, followed
by flame detachment and extinction. The maximum luminosity is
reached while the pressure is still increasing. A similar be-
havior was cobserved in all the runs, also with different test
gases, Usually, after the extinction, the propellant starts
burning again under the effect of the following pressure
pulses; however, in some instances (about 5% of the tests)the
samples of extinguished propellant were recovered after the
run,

Another typical feature of the combustion, observed in
the tests, is a very sharp decrease of flame luminosity oc-
curing during the pressurization; this is reported in Fig.88
showing two photograms taken at an interval of 0.25 ms. This
effect was observed in all the tests.
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» Both the photodiode and the high speed camera cannot
! show clearly what is going on near the surface of the burn-

ing propellant, because they sec the luminosity emitted by

: the burning gases in the whole volume of the test chamber.
In order to detect the combustion near the propellant sur-
face, a different technique, based upon the measurement of
gas ionization, was tried., A schematic layout of the experi:en~
tal setup, for the measurcment of the ionization ncar the
propellant surfoce, is shown in Fig. 89 (the propellant was
placed on the side wall for assembling convenience). Two
small copper wires of 0.2 mm diameoter were placed through
the propellant sample, divided by a gap of 3 mm and protrud-
ing about 0.5 mm from the surface. The variation of resistance
through the gap, due to ionirzation, was mecasured as a voltage
and recorded during the tests., A typical oscilloscope tracco
corresponding to steady burning, is shown in Fig. 90. Results
ohtained in unsteady conditions with the piston tube are re-
ported in Fig. 921 and Fig. 92, Fig. Y91 shows a sharp increase
of ionization corresponding to the first pressure step, fol-
lowed by a rapid fall to zero, with pressure still increas-—
ing; this seems to confirm the occurcnce of an extinction of i
the flame at the propellant surface; by comparison with the |
luminosity trace cshown in Fice, 87, it can be seen that the
fallingy to zero of the ionization, corresponds to the mini-
mum of luminosity detected by the photodiode. Fig., 92 shows
a serics of pressure pulses with successive extinctions and
reignitions.

Computer simulated runs were also performed, within the
limitations of a guasi-stcady flame kinctically non modified
by the pressure pulses. An example is shown in FPig. 93.
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Scc. 3.2 - DEPRESSURIZATION EXPERIMENYS

Depressurization runs were recalized in a wressurizable
combustion chamber, about 350 cm’® volume, conncected to the am-
bient atmospherc by means cf exhaust valves. A first series of
data was performed with a relatively large (12.7 mm orilice
diameter) valve manually operated. A cecond scries of data was
performed combining several solenoid valves (orifice diameter
ranging from 1.2 to 4.0 mm) simultaneously operated. The third
and last scries of data was performed with the same combina-
tion of solencid valves, but in addition a closed loop circuit
was implemented to keep the combustion pressure constant prior
to the abrupt opening of the solenoid valves. ALl runs were re-
alized at ambient temperature by exnausting to atmospheric pres-
sure. Next serie of depressurization data will be collected
with the final pressure parametrically changed.

The combustion chamber contains the ignition system {a
nichrome wire of 0.8 mm diamater), a strand fusc wire system
to measure the steadv state burning rate of the propellant
prior to depressurization, two plexigless windows for dircect
observation of the relevant phenomena. The propellant samples
are cylinders, about 6 x 50 mm, cut from a relatlively largc
grain. The lateral surface is inhibitcd to combustion by suc-—
cessive coatings of teflon spray, dope, and teflon spray. BEx-
tinguished samples showed a very flat burning surface. All runs
woere performed with an AP/PVC composition burning in a nitrogen
atmosphere. Details about the experimental apparatus and procc-
dure are given in Ref.5 (burning rate measurement and data pro-
cessing), - Ref. 14 (closed loop circuit for constant combu-
stion pressure) and Ref.15 (depressurization combustion cham-
ber) .

After pressurizing the combustion chamber (up to about
40 atm in the results to be presented here) and igniting the
propellant sample, cnough time is allowed to crecate a steady
heterogencous deflagration wave. The steady state burning ra-
te is, thcen, measurced by means of (typically) three fuse wires.
When the last fuse wire is burnt, the combustion chamber is sud-
denly exhausted to atmospheric pressure. The pressure drop is
of exponential nature for solenoid valves, more rounded £or ma-
nual valves (see Fig. ¢4). The overall, gualitative but import-
ant, result of extinction or continuced burning is observed.

Usually, the following narameters are measured and/or re-
corded by means of a multichannel (UV sensitive paper) galvano-
metric recorder: the ignition current and time; the flame appea-
rance by means of photodiode; the combustion pressure by a wa-
ter cooled, piezoelectric transducer; the initial steady state
burning rate by means of a standard fuse wire technique and u-
sing the recorder time marker.

Experimental results obtained from depressurization tests
of AP/PVC samples, from some initial pressure to atmopheric
pressure, arce summarized in Fig. 95. This is a [AP(t)/dt,, VS
Pj plot, as alrcady done by scveral investigators in the past.
However, according to our nenlincarburning stability theory,
no special meaning whatsoever is attached to the maximum depres-
surization rate. The fate of a depressurization test, extinction

vs continued burning, rather is the inteqrated result of the
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whole history of the bhurning propellant (initial conditions, de-
pressurization law, etc.). The critical boundary, as defined in
‘ Sec. 2.7, is a local property of the burning propellant; but :
whether it will be reached or not depends on the previous hi-
story of the burning propellant. Obviously, high @Ptt)/d@mpx ‘
! for exponential depressurization implies that the whole transi-
ent is faster and this favors dynamic extinction. Experimental-
ly, differcnt depressurization transients were obtained by chang-
ing the total exhaust orifice arca (e.q., by simultanecous opera- i
tion of more or less solenoid valves). On a linear [dP(t)/dEmax
vs Pj plot, a straight boundary is found to separate quitce neat-
ly the extinxtion from the continued burning region.

A summary of experimental results obtained in this paper, :
: by Merhle (Ref. 29), and Von Elbe (Ref. 24) in shown in Fig.9¢.
Remark that the maximum depressuvrization rate occurs at mid de-
pressurization for manual valves but at the very beginning of
the depressurization history for solenroid valves, Dcpressuriza-
! tion rates were measured by considering the time required for
pressurc to drop irom (Pj - 1) atm (Pg + 1) atm for manual val- q
ves. For a fair comparison one should consider depressurization
retes about 3 times lower. Even so, the two plois found in this
work do not correspend. With the same maximum depressurization
' rate, the depressurization history of ig. 94b is more effective
than the cxponential devressurization of Fig. 94a in extinguish-
ing the sample, This spectrum of results is not surprising from
the point of view of our theory, rather is welcome. Indeced this
offers ancther, and perhaps more rcliable, way to compare cliose-~
1y experimental and theoretical results, For lack of time, no
detailed results cf this comparison will be given here,

However, remember that the agrecment between analytical
and numnerical results was alrecady successful, The numerical
approach is able to reproduce depressurizaticon transicents for

. several aspects more detailed than any experimental informa-
tion., The gualitative aspects of the numerical solutions agree

. with expcrimental informaticen. Figures such as Fig. 95 can be
constructed numerically as well; this is in our opinion the
first and perhaps nore meaningful tack of any close comparison
in this wrea. Remark that extinction was assumed to occuir in
the nunerical solutions when unbounded decrease of burning rate
? toward zero was obscrved; this in turn occurs when the analyti-
cally predicted lower dynamic stability boundary is crossed.
Comparing experimental and computed koundaries (between extinc-
tion ond continued burning) in Fig. 95 shows that resistance to
dynamic extinctien is larger than prodicted. Better flame mod-
els and/or more realistic description of the properties shall
be implernented in order to attempt to bridge the gap.

v a

-l ~au b4

tay

Obviously, the most wanted piece of information is the burn-
ing rate history during deprecssurizaticn transients. Unfortuna-
tely, no rcliable cxperimental technique is available yet. An
up—~to-date review o! experimental methods measuring transient
combus tinn response was recently offered (Ref. 93); in particu-
lar, a microwave phase shift technique seems to be promising
(Ref, 84).,
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B a = ambioent; also: absorption laver
C = condenscd phase
E = penctration depth
N £ = final; also: flane
L‘ g = gas prhasc
i i = initial
.
' P = pressure
‘ r = radiant
s ] = surfacc
. v = vaporization /
. c,s = surface Lrom condensed phase side ,}
’ cr = crystal ?
) di = Qiffusion 5
g,s ~ surface from gas phare cide ]
ki = kinetic i
! re = reaction
L ST = gtatic
. th - therwal
ext = oxtornal
) ref = reference
. - = steady state avevage value b
— = far upstrcan
. : +z = far downstream
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BRL = Ballistic Research Laboratory
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LIST OF TABLES

Properties of solid composite propellant AP/PBAA
No. 941 uscd as datum case in this study. Surface
heat release positive if endothermic. COptical pro-
perties evaluated at 10.6 um. Values taken from
Refs. 29, 82, 86-87.

Steady surface temperature dependence on surface
heat release in the pressure range 10 to 60 atm,
MTS flame with Ay = 0.338 and By = 2.350, Cq/Cc= 1,
€ = 0. KTSS nonlinear, KTSS linearized and LC re-
cover the experimental curve.

Surface temperature and burning rate associated
with roots A and B in the pressure range 10 to 6C
atm, Root A (steady reacting solution) is indepen-
dent of the order of the approximating polynomial,
while root B (unsteady reacting solution) does de-
pend. Nonlinear static restoring function evaluated
for standard conditions (T, =300 K, QS ref =~158.
cal/g, adiabatic burning) and Cg/C ‘1,7 e = 0.

Roots associated with the nonlinear static restoring
function, for MTS flame with n=3, at standard condi-
tions (P=30 atm, T;=300 K, adiabatic burning) showing
the existence of three static regimes. For all cases
root C, corresponding to the trivial unreacting solu-
tions 04 = 0, is also found and is always stable.
Cg/CC =1, € = 0.

Maximum range of values of surface heat release, for
which self-sustained oscillating combustion may oc-
cur, in function of pressure. Static restoring func-
tion evaluated for MTS flame with n=3 at standard
conditions (Ty=300 K, adiabatic burning) and Cg/CC=1,
e = 0.

Static stability limits, in the pressure range 10 to
60 atm for MTS flame at standard conditions (Ty=300 K,

-158.2 cal/g), evaluated directly from heat
feéégack law. Cy/Co = 1, € = 0.

Static stability limits, in the pressure range 10 to

60 atm for MTS flame at - standard conditions (T;=300 K,
QS ref ==158.2 cal/g), evaluated through statlc restor-
1ng function with n=3. g/C =1, e = 0.

v

Stabilizing effect of large radiant flux

and destabilizing effect of large surface heat release
or ambient temperature on stability strength of steady
reacting soclutions.Nonlinear static restoring func-
tion evaluated from MTS flame with n=3 at standard
conditions (P=30 atm, Ta=300 K), Cg/Cc =1, € = 0.
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Compared stabilizing effect of large pressure on
stability strength of steady reacting solution
according to Lyapunov. Nondinear static restoring
function evaluated for MTS, KTSS nonlinear, and
KTSS linearized flames with n=3 at standard condi-
tions (Qg,ref =-158.2 cal/g, T,=300 K, adiabatic
burning), Cg/Cc =1, £ = 0.

Effect of the approximating polynomial order on
stability strength of steady reacting solution ac-
cording to Lyapunov. Nonlinear static restoring
function evaluated for MTS flame at standard con-
ditions (Qs,ref =-158.2 cal/g, T,=300 K, adiabatic
burning) ,Cy/C, = 1, € = 0.

Compared effect of specific heat ratio on stability
strength of steady reacting solution according to
Lyapunov. Nonlinear static restoring function eva-
luated for MTS and KT3S nonlinear flames at standard
conditions (Qs’ref =-158.2 cal/g, Ty=300 K, adiabatic
burning) and € = 0.75.

Forcing laws used for computer simulated deradiation
and depressurization transients.

Computer simulated go/no-go tests showing agreement
with the predicted lower dynamic stability boundary.
All runs performed with T,=300 K and Qg yef =-158.2
cal/g. KTSS linear, Kz, and LC flame models dc not
include extinction.

Computer simulated transient tests showing agreement
with bifurcation diagram predictions. All runs per-
formed for adiabatic burning and Ta=300 K.
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Properties of solid ccmposite propellant AP/PBAA
No. 941 used as datum case in this study.

Surface heat relecase positive if endothermic.

Optical properties evaluated at 10.6 um.

Values taken from Refs.29,

ASSUMED OR MEASURED PROPERTTES

AP crystal transition heat, ch,AP
AP vaporization heat, Qv,AP

AP decamposition heat, Qp, pp

Binder vaporization heat, Qv,Binder
AP weight fraction, p

Ballistic burn rate exponent, n
Pyrolysis law pressure power, ng
KISS pyrolysis law power, W

Surface activation temperature, Eg/®
Flame activation temperature, Ef/..
KZ flame reaction crder, B
Condensed density, fg

Condensed specific heat, Cg
Condensed thermal diffusivity,0¢
Gas themal conductivity, k
Average product molecular weéight,
Optical surface reflectivity, rj
Optical volumetric scattering, s)
Minimum temperature for reactions, Tp
Matching temperature for pyrolysis, Ty

QOMPUTED PROPERTIES

Net surface heat release, QOs,ref
Condensed thermal conductivicy, ke
MIS chemical time constant, Am
MIS diffusion time constant, By

Adiabatic flame temperature, Tf(P)

REFERENCE PROPERTTES

Pressure, Pref

Temperature, Tref

Burning Rate, 2 ref = % (Pref)
Surface temperature, Tg,ref = Ts(Pref)
Flame temperature, Tf,ref = Tf (Pref)
Distance, Xref = &/ R ref

Time, tref = Oc/2’ref

Heat, Qref = Cc(Ts,ref = Tref)

Energy flux, I, ¢ = pcccﬂ’ref(Ts,ref -

e T Tt T T L - Tt T T 1

82,

86-87

-1.582
7.115
3.380
2,350

Tfﬂef

6.800
3.000
8.370
1.000
2.430
1.673
1.998
2.310
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E+03
Et04

E-01
E-03
E-04
E+01

E+02
F+02

E+02
E-04
E-01

E+01
E+02
E-01
E+03

cal/g
cal/an K s

- (50,/68)-(Pref-P)

atm
K
a/s
K

E+03 K

E-03 am

E-03 s

E+)2 cal/g
2.978 E+02 cal/cm? s
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TABLE 8a

Stabilizing effect of large radiant flux and destabilizing effect

of large surface heat release or ambient temperature on stability

strength of steady reacting solutions. Nonlincar static restoring

function evaluated from MIS flame with n=3 at standard conditions
(P=30 atm, Ta=300 K), Cg/CC==1, e=0.

2 .
I ,cal/em® s Qs,ref’cal/9 T_ K (df/dgs)._O
0 -158.2 300 -3.53
10 -158.2 300 -3.89
20 -158.2 300 ~-4.03 ]
30 -158.2 300 -4.27 ;
40 -158.2 200 -4.50
60 -158.2 300 -5.1¢
80 -156.2 300 -6.01
100 ~-158.2 300 -7.05 :
120 -158.2 300 -8.29
-10 -158.2 300 ~3.33
=20 -158.2 300 -3.14
~-30 -158.2 300 ~2.78
‘ -40 -158.2 300 -2.33
-50 -158.2 300 -1.85
-60 -158.2 300 -1.50
-70 -158.2 300 -1.35
-80 -158.2 300 -0.52

0
0
0
0
0
0
0
0
0
0
0
0 ~-180 300 =1.75
0
0
0
0
0
0
0
0
0
0
0




N VN 908~ 89
96" L~ . Lgte- 97" L~ 09
£9°9- 16°9- 20°9- 0s
bZe G- 0p "S- 26" v~ ov
6L €~ 9g°¢- £5- €~ o€
Lz z- 62"z~ oL-z- 0z
€L°0- SL0- S0~ oL
£v°0- 9% 0- sz 0- 8
SL°0- 8L °0- 20" 0+ 9
LL-0- o 90°0- €zro+ v
: 62°0- pz*0- (+0) €€ "0+ z
' *NIT SSILM .ZMQZOZ SSIA SAT uje‘’yg
| € Pev/3p)
1 E e e T T L L b F e T T Py
+0=371="0/> (Butuang oTaeqeToR Yy 00g=5146/Te0 285137 55) suoTa TpUOS prEpUERS T f=u WA

SOURTY POIZTIVSUTT SSIM DUR PIZTILSUTTUOU SSIM ‘SN IO pejenreas uoTiouny
butio3ssx oT3e3S JESUTTUON “aocundeld] o3 BuTpaoooe uoTiInTos butioeax Apedis
JC 3yLuaI3s A3TTTARIS uo aanssoxd abiel JO 3093719 BurZITIqe3s poxeduc)

qg8 J1dVdL




[ ey

g TABLE 8c

Canpared effect of the approximating polynomial order on stability

strength of steady reacting solution according to Lyapunov. Nonli-

near static restoring function evaluated for MIS flame at standard
conditions (O ==158.2 cal/g,'léi=300 K,adiabatic burning}, Cq/cc =1, €=0.

g, ref
| . F::::‘.::=======‘.======::========:‘.:‘:‘.:=====================:
: (df/des)-é-s
P,atm n =2 n=3 n =4
\ 10 +0.18 -0.54 -1.01
i 20 -1.06 -2.10 -2.76 J
. 30 -2.29(0) -3.53 ~4.27 N
- 40 -3.61 -4.92 ~5.69

e gy e -
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TABLE 8d l

L Campared effect of specific heat ratio on stability strength of steady
‘ reacting solutinn according to Lyapuncv.Nonlirear static restoring func—

tion evaluated for MIS and KTSS nonlinear flames at standard conditions
N Q =-158.2 cal/q, Ta=300 K, adiabatic purning)and € =0.75.

A b e

s,ref

._ Pressure (df/dog)3 ‘
P, atm | Flame Model
Cy/C, =1 Cy/Co = 1-12 Cy/Ce = 1.24 ‘.
, MIS -0.54 -0.66 -0.81
KTSS NL -0.75 -0.62 -0.49 ‘
y
MTS -2.10 -2.48 -2.88 |
20
KTSS NL -2.29 -2.26 -2.22 |
MI'S -3.53 -4.14 -4.72
30
KTSS NL -3.86 -3.91 -3.95
MIS -4.92 -5.49 -6.28
40
KISS NL -5.40 -5.51 -5.61
MTS -6.02 -6.71 -7.62
50 1
KTSS NL -6.91 -7.05 -7.17
MIS -7.27 -7.99 -8.44
60
KTSS NL -8.37 -8.54 -8.65

<*)KTSS NL stays for KISS nonlinear flame model.
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TABLE 10

Camputer sinulated go/no~go tests showing agrecment with the predicted lower
dynamic stability boundary.All runs performed with 74=300K and Qs,ref = -158.2

R cal/g. KISS linear, Kz, and IC flame models do not include extinction.
S e e e I T R —
pressure forcing law absorption rate flane -2 i !
. P,atm a.,cm-1 coeff. model Ce | surface Itarqx—:ratm‘o
X nunerically ! vredicted
k | abserved | (n=3) -
! | |
' 10 |lincar deradiation @ 100 Mrs | 1.00  0.627 [ 0.618
10 |bilinear deradiation - 100,20 MES | 1.00 . 0.626 ' 0.613 |
| 10 !parabolic deradiation o 640 MIS | 1.00 . 0.625 | 0.618 !
_‘ 10 exponential deradiation © 5 Mrs 1 1.00 f 0.627 l 0.618 ‘
‘ i 10 exponential deradiation i o 10 MIS | 1.00 ! 0.619 i 0.618 f
) ; 10 exponential deradiaticn | 2000 10 MIS | 1.00 0.610 ! 0.618 : .
, 10 exponential deradiation | 1000 10 MIS | 1.00 0.618 : 0.618 f '
o . 10 |exponential deradiation ! 500 10 MIS | 1.00 0.620 | 0.618 .
) | 10 |exponential deprossuriz. | —Nap* 10 Mis | 1.00 | 0.615 | 0.618 |
‘ ‘ 10 exponential depressuriz. ! NAp variable MPS | 1.00 0.621 0.618 ' ,
1 10 simultaneous exponential ! .o ; '
' depress. and deradiation 10/10 MIS | 1.00 0.622 0.618 i ,
© 10 |sequential exponential S ! sl
depress. and deradiation 10/10 MIS | 1.00 0.624 0.618 o
20 linear deradiation o 200 MES | 1.00 0.655 t 0.647 : i
I 20 exponential deradiation o 10 MIS | 1.00 0.649 : 0.647 :
. © 20 |exponential deradiation o 10 ﬁ‘fﬁ 1.00 | 0.632 | 0.610 |
20 |{linear deradiation 2000 500 MIS | 1.00 0.660 0.647 :
20 linear deradiation 1000 500 Mrs | 1.00 0.690 ‘ 0.647 |
. 30 exponential deradiation o 10 MIS | 1.00 0.685 0.663
3 . 40 |exponential deradiation ® 10 Mrs | 1.00 0.706 0.674 f
. 10 |parabolic deradiation m 200 MIS | 1.12 | 0.601 | 0.611 i
i 20 |parabolic deradiation m 200 Mrs | 1.12 0.680 0.638
f 40  |linear deradiation o 1000 MIS | 1.12 0.679 0.665
' 3 10 trapczoidal radiation © 200 MIS | 1.00 0.619 0.618
j 10 trapezoidal radiation w variable MIS | 1.00 0.612 0.618
~ 20 trapezoidal radiation o 200 MIS | 1.00 0.638 0.647
SSRGS U, SIS S SV Sy, SRS SU————

(*) NAp stands for not applicable
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] LIST OF FIGURES j

{ Fig, 1a - Schematic diagram of the physical problem.
- 1b - Schematic diagram of energy balance at hurning sur-
: face:

Fig. 2a - Evaluating the gas phase constants required in MTS i
flame (composite propellant AP/HTPB).

Fig. 2b - Evaluating the gas phase constants required in MTS
flame (composite propellant AP/PBAA No. 941).

Fig. 3 - Effect of fitting pressure range on the MTS gas
phase constants. 1

Fig, 4 - Steady state dependence on pressure of MTS flame
parameters,

! Fig., 5 - Steady state dependence on pressure of KTSS nonli-
i near flame parameters. ‘

» Fig. 6 - Diffusive, kinetic, and total heat feedback law ac- ;
cording to MTS flame, i

Fig. 7 - Compared heat feedback laws according to linearized
and nonlinear KTSS flames.

Fig, 8 - Compared heat feedback laws according to MTS and 1li-
‘ nearized KTSS (or KZ or LC) flames.

Fig. 9 - Working map (burning rate vs heat feedback) accord-
1 ing to MTS flame.

Fig., 10 - Effect of ambient temperature on heat feedback ac-
cording to MTS flame,

Fig, 11 - MTS steady burning rate affected by surface heat re-
lease (for given values of gas phase constants).

Fig, 12a- Qualitative sketch of the nonlinear static restoring
. function, for different pressure values, illustrat-
ing the existence of three equilibrium configura-
tions: Aj and Bj (for the reacting mode), C (for the
unreacting mode). RoO B; are statically unstable.
o The branching value 0g  ,at fixed pressure, can be
* approached only by increasing heat loss from the
3 burning propellant or decreasing ambient temperature.

4 Fig. 12b- Qualitative sketch of the nonlinear static restoring
- function, for increasing surface heat release, illu-
i strating the appearance of a second pair of roots,
.& D and E, for the reacting mode (upper dynamic insta-
,1 bility). Similar effect is obtained by decreasing
¢ pressure.
i

Fig, 13 - Stabilizing effect of pressure on both reacting modes.
MTS flame, n = 3, Cg/Cc = 1.
Fig. 14 - Stabilizing effect of residual radiant flux intensity
on lower dynamic stability boundary. MTS flame, n=3,
c/C. =1.
g’ “c
Fig. 15a- Destabilizing effect of large surface energy release

on upper dynamic stability boundary. MTS flame, n=3,
c/c.=1.
g’ ~c
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Fig. 15b- Coalescence of A-D roots for Qg =-190 cal/g at 30
atm; tne stcady reacting mode is stationary for
IQg' < 190 cal/g and self-sustained oscillating for
Qg > 190 cal/g., MTS flame, n = 3, Cg/cc =1,

Fig., 16 - Coalescence of A-D roots for Qg ==-170 cal/g at 10
atm., MTS flame, n = 3, Cg/CC = 1.

Fig., 17 - Coalescence of A-D roots for P 6 atm at Qg =-158.2
cal/g. MTS flame, n = 3, Cg/Cc 1.

Fig. 18 - Negligible influence of ambient temperature on non-
linear static restoring function (for the indicated
range of values).MTS flame, n = 3, Cg/Cc =1,

([ ]

Fig., 19 - Stabilizing effect of pressure on both reacting
modes. KTSS nonlinear flame, n = 3. Cg/Cc = 1.

Fig, 20 - Destabilizing effect of large surface heat release
on static restoring function. KTSS nonlinear flame, i
n =3, Cg/CC = 1. ﬁ
Fig. 21 - KTS$S linearized flame (or KZ or LC) applying for ;
surface temperatures near or above the steady react-
ing value. Cg/cc =1, n= 3,

Fig. 22 - Compared static restoring functions for MTS, KTSS
nonlinear, KTSS linearized (or KZ or LC) flames.
Cg/CC = 1, n = 3.

Fig. 23 - Effect of the approximating polynomial order on
static restoring function at 10 atm of pressure.
MTS flame, Cg/cc = 1.

Fig. 24 - Effect of the approximating polynomial order on stat-
ic restoring function at 20 atm of pressure. MTS
flame, Cg/Cc = 1.

Fig. 25 ~ Effcct of the approximating polynomial order on stat-~
ic restoring function at 30 atm of pressure. MTS
flame, Cg/Cc = 1,

Fig, 26 ~ Effect of the approximating polynomial order on stat-
ic restoring function at 40 atm of pressure. MT3
flame, C_/C_ = 1,
g’ "c
Fig. 27 - Negligible cffect of C5/Cg # 1 on gas phase working
map. KTSS nonlinear flame, Cg/Cc = 1.12 or 1.

Fig. 28 - Important effect of C,/C. # 1 on static restoring
function in the regiog o% upper burning instability.
MTS flame, n = 3, Cg/CC = 1,12 oxr 1.

Fig. 29 - Static instability of burning propellants for large
surface heat release. MTS flame, Cg/CC = 1,

Fig., 30 - Approximate construction of the static burning (sta-
bility) boundary and its meaning. MTS flame,Cg/Cc=1.

Fig. 31 - Rigorous construction of the static burning (stabili-
ty) boundary for QS ==120 cal/g. MTS flame, Cg/Cc = 1,
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Rigorous construction of the static burning (stabi-
lity) boundary for Q_ =-158.2 cal/g. MTS flame,
Cg/Cc = 1.

Rigorous construction of the static burning (stabi-

lity) boundary for QS =~200 cal/g. MTS flame,Cg/Cc=1.

Evaluating the static burning limit through the
static restoring function at 20 atm of pressure. MTS
flame, n = 3, Cg/Cc = 1.

Evaluating the static burning limit through the stat-
ic rectoring function at 30 atm of pressure. MTS
flame, n = 3, Cg/cc =1,

Evaluating the static burning limit through the stat-
ic restoring functica at 40 atm of pressure. MTS
flame, n = 3, Cg/Cc = 1.

Evaluating the static burning limit through the stat-
ic restoring function at 50 atm of pressure. MTS
flame, n = 3, Cg/Cc =1,

Representative time histories of burning rate during
deradiation showing possible occurrence of a recovery
point.

Corresponding trajectories in burning rate vs heat
feedback plane.

Nomenclature used for deradiation transients.

Nature of nonautonomous function for monotonic decay
of externally controlled parameters.

The range of possible unstable equilibrium points in
dynamic burning regime is limited by the no~return
point Bf (the unstable " root associated to the static
restoring function for tT-»e),

Static burning 'and dynamic stability boundaries on @&
burning rate vs heat feedback plot. MTS flame, n = 3,
Cg/Cc =1,

Bifurcation diagram at 10 atm of pressure. MTS flame,
n= 3, Cg/Cc = 1.

Bifurcation diagram at 20 atm of pressure. MTS flame,
n = 3, Cg/cc = 1.

Bifurcation diagram at 30 atm of pressure. MTS flame,
n = 3, Cg/cc = 1,

Bifurcation diagram at 40 atm of pressure. MTS flame,
n= 3, Cg/Cc = 1,

Bifurcation diagram at 50 atm of pressure. MTS flame,
n=3,C/C =1,

g’ “c

Bifurcation diagram at 60 atm of pressure., MTS flamec,
n= 3, Cq/Cp = 1,

Bifurcation diagram at 30 atm of pressure., MTS flame,
n =3, Cg/cc = 1,12,
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Surface temperature vs pressure plot for Qg =-180
cal/g predicting existence of stationary reacting
solution, damped oscillatory burning, self-sustain-
ed oscillatcory burning, and no stationary reacting
solution, MTS flame, n = 3, Cg/CC = 1.

Burning rate vs pressure plot for 0 =-158.2 cal/g
predicting static burning (MTS flame) and dynamic
stability limits (MTS and KTSS nonlinear flames,

n = 3). Stationary reacting solution (experimental
and MTS fitting with Ay = 0.338, By = 2.350), damp~
ed oscillations self-sustained oscillaticns, and
pressure deflagraticn limit are shown too. Cg/CC=1.

Numerical molecules implemented for numerical solu-
tions,

Flow chart of overall computer code.
Flow chart of subroutine FLAME,

Go/no~-go computed exponential deradiation tests
showing occurrence of dynamic extinction (Br = 5) at
10 atm of pressure. MTS flame, Cg/Cc = 1,

Go/no-go computed exponential deradiation tests show-
ing occurrence of dynamic extinction (Br = 10) at 10
atm of pressure., MTS flame, Cg/Cc =1,

Computed dynamic extinction following linear deradia-
tion at 10 atm of pressure (opaque condensed phase),
MTS flame, Cg/Cc =1,

Computed dynamic extinction following bilinear dera-
diation at 10 atm of pressure (opague condensed
phase). MTS flane, Cg/Cc = 1.

Computed dynamic extinction following parabolic dera-
diation at 10 atm cf pressure (opague condensed
phase). MTS flame, Cg/Cc =1,

Computed dynamic extinction following exponential de-
radiation at 10 atm of pressure (opagque condensed
phase). MTS flame, Cg/CC = 1,

Computed dynamic extinction following exponential de-
radiation at 20 atm of pressure (opaque condensed
phase). MTS flame, Cg/Cc =1,

Computed dynamic extinction following exponential de--
radiation at 30 atm of pressure (opagque condensed
phase). MTS flame, Cg/cc = 1.

Computed dynamic extinction following exponential
deradiation at 40 atm of pressure (opague condensed
phase). MTS flame, Cg/cc = 1.

Computed dynamic extinction following exponential
depressurization from a parametrically changed ini-
tial pressure, MTS flame, Cg/Cc = 1.
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Fig. 62 - Computed dynamic extinction following exponential
depressurization with a parametrically changed de-
pressurization rate. MTS flame, Cg/cc =1,

Fig., 63 - Computed dynamic extinction following exponential
deradiation at 10 atm of pressure (t-ansparcent con-
densed phase, a=500 cm~1), MI'S flame, CG/C” = 1.
poy A

Fig., 64 - Computed dynamnic extinctiocn following simultancous
deradiation (opacue condensed phase) and depressu-
rization, MTS flame, Cg/cc = 1.

Fig. 65 - Computed dynamic extinction following consccutive
deradiation {opacguve condensed phase) and depressu-
rization. MTS flame, Cg/Cc = 1.

Fig. 66 - Computed dynamic extinction follewing a radiation
pulse (opague condenscd phase). MTS flane, Cg/Cc=1.

Fig. 67 - Computed pressurization tests showing no oscillato- 4
ry burrning for low values of surface heat release.
MTS flame, Cg/CC = 1.

Fig. 68 - Computed pressurization tests showing oscillatoxry
burning or extinction for large values of surface
heat release. MIS flame, Cq/cc = 1.

FPig. 69 - Computed pressurization tests showing three possi-
ble static regimzs (steticonary aifter damped oscii-
lations for Qg =-180 cal/g, self-sustained oscil-
lating for Qg =-200 cal/g, cxtinguished for Qg =-220
cal/g). MTS flame, Cg/Cc = 1.

Fig, 70 - Computed pressuvrization tests showing self-sustaincd
oscillatory burning for KTSS nonlinear flame (Qg =
~-180 cal/g).Cg/Cc =1,

Fig. 71 - Computed frequcncy and amplitude of radiation assist-
ed self-sustained oscillations. MTS flame, Cg/cc = 1.

Fig. 72 - Computed dynamic extinction following parabolic de- ]
radiation at 10 atm of pressure {(opaque condensed
phase). MTS flane, Cg/CC = 1.12.

Fig, 73 - Computed pressurization tests showing threce possi-
ble static regimecs (stationary after damped oscil-
lations for Qg,ref =-190 cal/g, self-sustained oscil-
lating for Qg yof =-209 cal/g, extinguished for

i M TS = g
Qs,ref 210 cal/g). Mrs flame, Cq/cc 1.12. {

Fig. 74 - Computed pressurization test showing three possi-
ble static regimes (stationary after damped oscil-
lations for Py = 8 atm, self-sustained oscillating
for Pg = 3 atm, extinguished for Pg = 1.9 atm). MTS
flame, Cg/Cc = 1,12,

Fig., 75 - Computed radiative ignition tests showing dynamic ex-
tinction following radiation source cut-off. MVS
flame, Cg/cC = 1.
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Computed radiative ignition tests showing sharp
burning peak associated with prolonged heeting at
1ow_radiant flux intensity. MTS flame, Cg/cc = 1,

Computed radiative ignition tests showing success-
ful ignition for surface temperature forced close
to, but less than, lower dynamic combustion stabili-
ty limit. MTS flame, Cg/cc =1,

Computed radiative ignition map showing importance
of dynamic burning at low pressure and/or large
radiant flux. MTS flame, C'g/Cc = 1,

Experimental vs computed (MTS flame, C./C. = 1) ra-
diative ignition map showing agreement in the tested
range of operating conditions.

Computed radiative ignition test with detailed hi-~
story of relevant variables. MTS flame, Cg/CC =1,

Sketch of shock tube apparatus.
Sketch of shock tube test section.

Static pressure deflagration limits of the tested
composite propellant as measured in the shock tube
test section.AP/PVC.

Schematic layout of overall experimental apparatus.
Nomenclature used in the schematic layout.
Piston used in the shock tube apparatus.

Sketch of the experimental apparatus with high speed
camera.,

Typical series of photograms of AP propellant burning
in air. AP/PBHT.

Pressure and luminosity traces of the test of Fig.86.

Sharp decrease of lumminosity during depressurization
of AP propellant burning in air. AP/PBHT.

Experimental set-up for ionization measurement at the
propellant burning surface.

Oscilloscope trace of ionization, steady burning of
AP propellant. AP/PBHT,

Pressure and ionization traces during unsteady burn-
ing of AP propellant; single pressure pulse. AP/PBHT.

Pressure and ionization traces during unsteady burn-
ing of AP propellant; multiple pressure pulses.AP/PBHT.

Computed response of burning composite propellant to
piston tube pressurization (unreacting atmosphere).
MTS flame, Cg/Cc = 1, AP/PVC.

Sketch illustrating experimental pressure decay of
depressurization strand burner when solenoid val-
ves (top) or manual vealves (bottom) are used.
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Fig. 95 - Computed and experimental boundaries, between ex- ‘L
tinction and continued burning, vs initial pressure.

Fig. 96 -~ Compared experimental boundaries, between extinction
) and continued burning, vs initial pressure obtained
from several investigators.
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Upper trace: pressure
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CHAPTER 4 - LASER-OPTICAL TFCHNIQUES

Sec. 4.1 - INTRODUCTION

Several nonperturbing laser-based ontical techniques
were developed to measure the condensed phase burning rate,
the velocity profiles in the gaseous region near the combu-
stion surface,and the size of the particles carried away by
the gas in the plume of the burning solid propellant.

The Laser Doppler Velocimetry (LDV) was chosen to mea-
sure the velocity profiles in the gaseous region near the
burning surface o a solid propellant. The main reason of
this choice is the fact that the usual intrusive measuring
techniques are of little help in a high temperature reactive
medium with large thermal gradients.

Flow visualization techniques, like Schlieren optical
systems, shadograph and Mach-Zender interferometer methods,
give an integrated picture through the flow region. This
makes quantitative analysis of results extremely difficult.
Hot-wire anemometers and Pitot tubes cannot be applied to
reactive media.

It is now well established that LDV technique has import-~
ant advantages over more conventional techniques both for theo-
retical and experimental reasons. These fundamental advantages
are indicated by the enormous research effort which has gone
into their development over the last decade and by the num-
ber of commercial systems which have become available. The
most important theoretical results required for relating the
system outputs to the fluid flow parameters have now been for-
mulated (Refs. 1,2 and 3).

Despite the complexity of a satisfactory theoretical mod-
el of the LDV, the output from this instrument is linearly re-
lated to the velocity by a simple formula and no problem is
concerned with calibration. The major advantage of the LDV is
the high spatial and temporal resolution associated with the
fact that the instrument measures the component of velocity in
a specified direction. Hence this technique can be used in ve-
ry high turbulence flows and in unsteady situations.

To determine the solid propellant burning rate mary la-
ser-based optical techniques were tested in steady state con-
figurations up to 10 atm. Results showed the possibility of
accurate measurements of the instantaneous solid propellant
burning rate vs time, but some residual problems are to be
solved. They are related to the strong background light emis-
sion of some propellants and the requirement that the burning
surface remains flat and horizontal during the measurenment.

Sec. 4.2 - LASER DOPPLER VELOCIMETRY

The basic principle involved in Laser Doppler Velocime-
try is the Doppler frequency shift of a monochromatic and co-
herent light beam scattered by micrometric particles suspend-
ed in a moving medium.
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The Doppler frequency shift is normally resolved by he-
terodyning the scattered light with a reference beam on the
R surface of a photodetector (reference beam LDV). Alternati-
- vely, scattered waves coming from two incident beams can be
\ heterodyned (differential LDV). The resulting light intensi-
. ty and, hence, the photocurrent will be modulated at the Dop-
pler frequency (Refs. 1-3):

; (4.2.1) £, = 20 sin ( B/2)yA

where U is the particle velocity component perpendicular to

the bisector of the illuminating cross-beams; K=2n/A is the

wave vector; A is the wavelength of the laser beam and B is

the angle between the two cross-beams (see Fig. 4.1). The

crossing region of the two illuminating beams defines the

geometrical probe volume of the LDV system that depends on

the cross angle and the focal length of the focusing lens. ;
The effective measuring volume has a more complicate defini- k
tion, depending on the magnification of the collection op- i
tics, its angular position, y, and aperture,Q. Amplification

and triggering level of the electronics have to be also

considered.

In all the optical configurations,two laser beams are
( focused onto a specified point in the flow and light is scat-
tered by small tracer particles, as they pass across this
1 point.

The differential LDV mode is most commonly used because
of its higher signal to noise characteristics at moderate par-
ticle concentrations. Moreover, this type of LDV system is the
best suited for individual realization velocimetry and paral- 1
lel particle size analysis. It is not difficult to realize
the situation in which the Doppler signal, that is available
for processing, is produced by no more than one particle in
the probe volume at a time. In fact, it is possible to adjust
the ' be volume dimensions, both in diameter and in length,
by selecting the proper cross-beam angle and the magnifica-

. : tion of the light collecting system. The main advantage of

- the differential LDV is that it is quite simple to align and

& is not sensitive to small vibration. Also, the Doppler fre-

®, quency is independent of the detection angle and a large col-
lection aperture can be used without a spread of Doppler fre-

;] guency.

1

A picture, which is often used to describe this system,
is the so called "fringe model" that involves visualising a
set of interference fringes produced by two incident laser
beams in their cross region. The Doppler signal is produced
by light scattered from particles crossing the intersection .
of the illuminating beams (prcbe volume), when the scatter- :

. ed light, collected through a receiving lens, reaches a photo- \
e multiplier (sce Fig. 4.1). : 3
S
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Since the LDV requires the presence in the air flow of
microscopic particles, this complicates the use of the tech-
nique considerably. In fact, these particles, naturally pre-
sent or seeded in the flow, should be in size and density such
as to follow the flow field. Thus,for accurate measurements of
turbulence of unsteady flows, some check of particle dynamics
must be made. The capability of particles to follow the gas
flow can be roughly estimated from the Bassett's general e-
guation (Refs. 4 and 5). On the assumption that the particle

density P, is larger than the gas density pgs the Bassett's
equation ‘reduces to
dau
(4.2.2) P 1 @y -y
dt T g P
where
: 2
(4.2.3) I M e
36

being U, and U, the particle and gas velocities; d the parti-
cle diameter and p the gas viscosity.

The parameter T has the meaning of a relaxation time for a
particle of diameter d subjected to a spatial velocity gra-
dient. The evaluation of T necessitates the knowledge of the
particle density and size distribution.

In unsteady flows the LDV instrument must be treated as
a transducer for which the transfer function is determined
by the dynamics of tracer particles. This is a disadvantage
of considerable importance in air flows where seeding with
particles of known size is not likely to be feasible.

The performance of an LDV system strongly depends not
only on the size distribution, but also on the concentration
of scattering particles. In fact, their number density has to
be high enough to obtain good time resolution of the velocity
measurement. It must be noted that the time resolution of LDV
depends on the particle rate, n, across the measuring volume,
hence on the particle concentration, N, the mean particle ve-
locity U and the effective probe volume cross section, S:

(4.2.4) n=aNTS

where a is an efficiency factor taking into account amplifi-
cation and triggering level of the electronics. To obtain a
quasi-continuos velocity information, a sufficiently large
number of scattering particles (210® m™) is required.

In fact, since the particles arrive randomly, the data
obtained are randomly collected, with an approximately Poisson
distribution of time instants. Time resolution could be limit-
ed by the above mentioned characteristics, but it can be good
enough if particle number density is high.
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In conclusion size distribution and concentration of
scattering particles are twc important factors in LDV, ex-
pecially in unsteady flows. For better time resolution and
velocity measurement accuracy, we need that particle rate
is high and size distribution is within limited bounds.

: Our LDV experiments were performed by using as scat-
2 tering centers the particles present in the plume of the
i burning solid propellant sample. No external seeding was

: used in order to avoid any disturbance of the combustion
processes. Preliminary experiments showed that, generally,
sufficiently high particle rates are found in the region
near the burning surface.

) The LDV system comprises a 5 mW He-Ne laser and a beam

i splitter with variable beam separation, which allows contin- )
uous variation of the cross-beam angle. The two different pa- A

- rallel laser beams were directed toward the lens L4, in such
a way that one laser beam was centered on the lens axis.
This beam is not diverted from its horizontal direction,

v but focused on the focal point (on the axis of the strand
burner). The second beam is impinging on the lens L4 at a
distance h from the axis, and is deflected and focused in

( the same focal point. The crossing region defines the probe
volume of the LDV system and the velocity comnronent in the

' vertical direction can be measured. With the geometry of
Fig.4.2 the measured velocity component is not exactly the

Vo axial one; however the difference, of the order of sin
(g/2), is not significant for small B.

The receiving optics of the LDV system comprises: the

lens Ly, fixed on the burner window, that collects the ra-

diation scattered in the forward direction; the lens Lj

that is movable and focuses the scattered ligint on a 0.3

- mn pinhole in front of a photomultiplier. This is equip-

a8 ped with an interferential optical filter, centered at
632.8 * 1.0 nm (the laser wave-length), in order to reject

. flame emission.

?Q The photopultiplier signal is processed by an electrc-
- nic counter processor (DISA mod. 55L90) that allows working
4 with variable particle concentration and does not have drop-
YN out problems. Moreover, it has a large dynamic range and no
k. slewrate limitations; it accepts individual signals and de-
r - termine the correct Doppler frequency, hence, the particle ,

tion of multiple particle signals, because od random phase
fluctuations which will lead to incorrect velocity measure-
: ments (Ref. 6). This requirement can be generally satisfied
- by proper reduction of the probe volume dimensions.

: J velocity. Proper use of this instrument would require rejec-

i
™ Sec. 4.3 - PARTICLE SIZING

. The feasibility of "in situ" particle sizing in hostile
; environments by non-intrusive .techniques is still questiona-
ble. Recently, Farmer et al. (Ref. 7) compared a new particle )
sizing interferometer and a commercial optical counter in roc-
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ket exhaust,but results suggest that no one particle size
instrument can give convincing measurement.

Attempts to solve the problem of the determination of
particle size distribution have been performed by using many
techniques, but their use in hostile environments is general-
ly difficult. HMeasurement of the light scattered by droplets
or solid particles, using a laser source, can be used for
"in situ" particle sizing. The angular dissymmetry of the
scattered light intensity, the dependence of the scattered
intensity on incident light polarization and the light ex-~
tinction were used in determining small carbon particulate
5ize distribution (Refs. 8 and 9).

A system able to simultaneously determine the size and
the velocity of individual fuel droplets is of considerable
interest in combustion and thus particular attention was de-
voted by many research workers to the analysis of the scat-
tering phenomena involved in the LDV system. It was demon-
strated that a particle crossing the intersection of two
laser beams scatters a modulated light signal containing
many informations: a) its modulation frequency is proportio-
nal to the particle velocity; b} its signal amplitude and
the A.C. amplitude divided by the mean amplitude are relat-
ed to particle diameter. :

A forward scattering LDV system and predictions of mean
scattered light power, made by using geometric optics theory,
were used to demonstrate that an unambiguous one-to-one rela-
tionship can be obtained between signal amplitude and particle
diameter for non absorbing particles in the diameter range 30
to 240 um (Ref. 10). The main disadvantage of this method is
the need of a calibration of the signal amplitude vs particle
diameter. This is not a problem if the ratio between A.C. and
mean aplitudes is considered. This ratio is called visibility

I - I,
(4.3.1) vV = Max - Imln = %}
Max min

where Iy, ,Ini,.D.and P are defined in Fig. 4.1

The first derivation of the visibility function was made
by Farmer (11) under the assumption of paraxial scattering.
Robinson and Chu (12) used scalar diffraction theory to deter-
mine the forward scattered fields. More recently, Bacholo (13)
extended the visibility model to allow off-axis light collec-
tion and to cover a wide size range of 5 ym to 5 mm, by using
geometric optics theory.

A more rigorous analysis requires the use of the Mie theo-
ry for scattering by spherical particles illuminated by two co-~
herent beams (Refs. 14,15,16 and 17). In this case any off-axis
light collection direction and aperture can be considered, but
Mie formula calculations must be performed by large computers
which are capable of evaluating the lenghthy series of Bes-
sel functions and Legendre polynomials involved.

It is normally accepted (Refs. 14,15,16,17 and 18) that
the single particle Doppler signal can be accurately predicted

e G S o SRR TR DR



on the basis of the Mie scattering theory. The general expres-
sion of the Doppler photocurrent, produced by a single parti-
cle crossing the geometric center of the probe volume, is gi-
ven by

n-Io
(4.3.2) i(t) = P(9,0) + D(S,¢) cos [th-\P (S,oﬂ
K

where n is detector sensitivity, Wp= 2nfp, and the two inci-
dent beams are assumed to have equal intensities I51= Iy =1p
The term P represents the "pedestal" amplitude of the current
(Fig. 4.1) while D represents the Doppler amplitude and ¥ de-
termines the phase of the scattered intensity. P, D,and ¥ are
integral quantities, integrated over the collecting solid an-
gle, Q,0f the receiving optics. They depend on the direction
of detection (9, ¢ 1i.e. the axis of the collecting aperture,
and are defined in terms of the complex amplitude functions
given by the Mie theory (Refs. 19,20 and 21).

.

The quantities P, D and ¥ depend only on the scattering
properties and size of the particle (for a fixed LDV geome-
try), whereas the photocurrent is a time-varying function of
the particle position in the probe volume. Indeed, a moving
fringe pattern is seen by the detector due to two beam inter-
ference and particle motion.

The fringe contrast or visibility is defined by Eq.
4.3.1 ; the exact dependence of V on particle diameter, 4,
can be numerically obtained through P and D evaluated by a
computer code (Ref. 17) based on Mie scattering formula. It is
possible to express the visibility in a functional form

(4.3.3) vV = V(E"Xq"r m, %r QIYIE)

where d is the diameter of the scattering particle, m is the
complex refractive index of the particle,p is the cross-angle
of the two laser beams, A is the laser wavelenght, y and E

are angles defining the position of the axis of the collecting
aperture, Q is the collecting solid angle and & =A/(2 sin(B/Zﬂ.

It can be noted that visibilitydepends, among the other
parameters, on the diameter of scattering particles. The prac-
tical application of the method for particle sizing is based
on the hypothesis that in the range of interest visibility is
sensitive to particle diameter and an unambiguous one-to-one
relation v(d) can be defined. Because of the large number of
possible arrangements of the parameters appearing in Eq, 4.3.3;
it is quite impossible to give a completez representation of the
visibility behavior. A wide theoretical analysis of the useful
range of utilization of the visibility method was performed
(Ref. 22) and it was found that in forward scatter, with small
cross-beam and collecting angles, the refractive index of the
particle has no significant influence and a one-to-one corre-
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spondence between visibility and particle diameter can be
obtained up to about 80 un.

Some experimental results reported in- the literature
showed the possibility of parallel measurements of indivi-
dual particle velocity and size (Refs. 14,17,18,23,24 and
25) . Applicationsinclude particle size measurements from
calibrated monodisperse aerosols, polydisperse fuel sprays
in combustion and dusts in the atmosphere.

Since the first work of Farmer (Ref.11) the particle
sizing technique based on visibility received more and more
attention by different workers and many comparative tests
were performed in order to establish the correct interpre-
tation model of experimental data. Nevertheless, the abso-
lute reliability of this technique is not yet well establi-
shed. The major problem is related to experimental complex-
ity of real time visibility measurements, but some theoreti-
cal uncertainty still remain. The problem is complicated by |
the absence of alternative reliable techniques for real time ;
in situ particle sizing. ‘-

At the CNPM we have been involved in preliminary stu-
dies on this subject and it was demonstrated (Ref. 23 and 24) !
that the visibility technique can be also used in flames of i
liquid sprays with an high background luminosity. But no i
comparative confirmation can be obtained by other experimen-
tal procedures.

A knowledge of particle size distribution will be of
fundamental importance for accurately measuring gas phase
flow field associated with a burning solid rocket propellant
in unsteady conditions, because of the large velocity gradi-
ents. In fact, if the natural particles (carried away by the
gas in the plume of the burning solid propellant) are used as
scatterarsit would be necessary to correlate velocity and
size of each particle, before validation of the velocity mea-
surement, in order to be sure that the observed particle is
adequately following the gas flow.

Sec. 4.4 ~ EXPERIMENTAL APPARATUS

A steady state strand burner, with two symmetrical and
opposite optical windows, was specifically designed for LDV
experiments. The operating pressure range is 1 to 10 atm.

A computerized data acquisition and processing system was al-
so realized. The apparatus has been applied to a steadily
burning solid propellant, with the purpose of exploring the
possibility of future applications to unsteady situations.
Several tests o[ preliminary nature were performed using
double-based (DB) (both catalyzed and noncatalyzed) and ammo-
nium perchlorate (AP) based composite solid propellants. The
differential mode of operation was used for the LDV instru-
ment, with observation in the forward direction (Fig.4.2).
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The experimental conditions are now schematically de-
scribed. Initially, the rod of solid propellant, centered
on the axis of the burner, shuts out the two incident laser
beams. When the rod burns, its surface goes down and at the
instant t, the horizontal beam is allowed to pass. After a
delay At, the second beam is also passing and the scattered
light with Doppler informations is received by the photomul-
tiplier. A triggering signal, coming out from the photodicde
(P.D.) intercepting the horizontal beam, precisely difines
the instant tg. From this the instantaneous axial position
of the LDV probe volume, with respect to the burning surface,
can be inferred by comparison of the time delay and the pro-
pellant burning rate. The strand burner is also equipped for
simultaneous measurements of the propellant burning rate and
the instantaneous pressure (Ref. 26).

The delay At can be related to a dead zone, above the
burning surface, in which LDV measurements cannot be made,
as shown in Fig. 4.3.The dead zone thickness h depends on the
cross-beams angle B and on the radius r of the solid propel-
lant rod:

(4.4.1) hx~r - tgp

For example, with r=3 mm and B=4.7°it will result: h<0.25 mm,
that is of the order of the probe volume transverse dimension ‘
(see Table 4.1). By increasing the £ angle the probe volume ]

dimensions are reduced, but the dead zone thckness will be i
larger. i

The burning rate of the solid propellant was initially
measured by standard techniques (Ref. 26). Later on, a new
technique was developed on the non perturbing laser system
shown in Fig.4.4. The beam of a 5 mW, He-Ne laser was enlarg-
ed by a beam expander, passed through a variable diaphragm
and directed on the sample of the solid propellants. The beam
radius was chosen less than the solid propellant radius, there-
fore the whole beam is initially stopped. When the burning sur-
face goes down, an incrocasing portion of the laser beam is
transmitted and then collected on a photodiode by means of a
focusing lens. A Centronic Quadrant Detector was used, since
this kind of photodiode allows a linear relationship between
the voltage output and the displacement of the burning surface.
A calibration curve referring to an illuminating beam: diameter
of 3.5 mm is shown in I'ig. 4.5. The ordinate is the photodiode
voltage output and the abscissa is the solid sample displace-
ment referred to an arbitrary position. The curve was obtained
by means of a non burning sample of propellant displaced by a
micrometer screw in steps of 0.2 mm. Obviously, accurate mea-
surements of the solid propellant burning rate require that
the burning surface remains flat and horizontal. The advantage
of this technique is its non perturbing character and contin- .
uous output over the fixed spatial range. For example, it
points out any change of the burning rate during the LDV measu-
rements. -
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With propellants characterized by a strong light emis-
sion an interferential optical filter was used in front of
the photodiode, but when testing AP propellants it was ne-
cessary to account for the radiation emitted by the burning
propellant also into the bandpass of the optical filter.
Therefore, a rotating shutter (chopper) was inserted into
the incident laser beam (see Fig. 4.4). In conjunction with
a look-~in amplifier, it allowed the synchronous subtraction
of the background radiation and permitted accurate measure-
ments.,

Sec., 4.5 - EXPERIMENTAL RESULTS

Many test:c were made with the experimental conditions
summarized in Table 4.1. If the pass-band filtered Doppler
signal, relative to a single scattering particle, satisfies
a number of validation conditions, in terms of amplitude
level and signal to noise ratio, the counter processor mea-
sures the Doppler frequency by means of a zero crossing
method,

Four modes of operation of the counter can be selected.
In this case, with a relatively poor signal to noise ratio,
the best suited mode is characterized by a 2-level valida-
tion and 5/8 comparison. When the Doppler burst exceeds a
pre—-set threshold level, the counter proceeds to measure
first 5 and then 8 cycles of the burst and compares the re-
sults, If these differ by less than a preset amount, the
second count is validated and transferred to a buffer in-
terface (DISA, mod. 57G20). This was required in order to
transmit correctly data to the computer. Because the data
are coming randomly from the LDV system and very short in-
tervals may occur between samples, which exceeds the data
transfer capabilities of the syncroneous transfer of data
to the computer, a buffer memory is an integral part of
the interface. The DISA buffer interface can be used as a
transient recorder. After storage in the buffer, the data
in digital form can be read out via the parallel interface
under control of the computer.

The DISA counter delivers three words of data:
a) the Doppler frequency;
b) the time interval between successive samples;
c) the number of fringes traversed by the scattering particles.

All this information is of great importance in the
further processing, if data have to be corrected for velo-
city bias errors (Ref. 6) and the timing of input data
must be reconstructed.

The data acquisition and processing system was based
on a DIGITAL PDP 11/03 minicomputer, equipped with 32
K-words of memory, a dual floppy disc unit, a teletype, a
parallel interface board, and a 12 bit A/D converter with a
multiplexer that can accomodate up to 16 single-ended inputs
and a programmable real time clock.
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A special software was used, intended for transfer
of data from the buffer interface to the computer and a
correct interpretation of results for use in a high level
language. A large group o©f Fortram programs were than used
for statical reduction of results and graphical representa-
tion.

LDV experiments were preliminarly performed by using
as scattering centers the particles present in the plume
of the burning solid propellant. These experiments showed
that, in general, sufficiently high particle rates are
found in the region near the burning surface.

During preliminary experiments, the velocity time
history was monitored by a storage oscilloscope, after D/A
conversion of the output of the Doppler counter processor.
Fig. 4.6 shows a typical oscilloscope record in which each
point corresponds to a single particle velocity measurements.
Oscilloscope record is triggered by the photodiode signal
(upper trace) and the time span corresponds to a displace-
ment of less than 0.5 mm above the burning surface. The pro-
pellant is a noncatalyzed Double Base (DB) burning at a pres-
sure of 5 atm.

In Fig. 4.7 is shown the velocity trace of a sample of
the same propellant (lower trace), but the record is cover-
ing a larger time interval. The upper trace, in this case,
refers to the pressure, measured by means of & Kistler
quartz transducer mod. 412, equipped with a Kisti'er Charge
Amplifier mod. 5001. The pressure scale is 1 atm/div. It can
> noted a slight time variation of the pressure from the i-
nitial value of 4 atm to a final value of 4.8 atm. At this
volnt the velocity trace indicates the end of the burning
rod of propellant.

Fig, 4.8 refers to a test with an AP based composite
tr2pellant at a nearly constant pressure of 7.5 atm.

It can be noted that large variations with sharp gradi-
- nts characterize the velocity of the DB propellant in con-
‘unction with irregqular fluctuations in the particle rate
‘1.e, the number of points/div. in velocity traces). At ex-
-~tly the same experimental conditions, higher particle
ates and more regular velocity traces were found with the
+P propellant.

To quantify velocity results, data reduction was per-
{ormed by the minicomputer and the data acquisition proce-
Jdure was activated by a triggering pulse derived by the pho-
+~i1ode signal, Once the velocity data relative to one test
fabout 500 velocity measurements) have been acquired into
orputer memory, they were processed to obtain the mean and
*he r.m,s, values, It should be remembered that we were in-
<. rested in comparing gas phase velocity and condensed phase
! .rniny rate in steady state situation.
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R The condensed phase burning rate was measured by stan-
- dard techniques but also by the optical method previously
) described.

Fig. 4.9 shows an example of the photodiode voltage out-
put (trace 1) that can be related to the relative displace-
ment of the burning surface of the solid propellant by means
of the calibration curve of Fig. 4.5. In Fig. 4.9 the ab-
scissa is the time and the mean burning rate can be easily
deduced. All test runs were performed with an automatic con-
trol system able to keep constant the pressure in the strand
burner within some percent. Trace 2 in Fig, 4.9 is the out-
put of the pressure transducer. Fig, 4.9 refers to a test in
which the rotating shutter was not used.

Accurate measurements of the so0lid propellant burning
rate were obtained if the burning surface remains flat and
horizontal. To verify this condition, that is also important
in LDV measurer nts, the strand burner was equipped with a-
nother window to allow high speed cinematography. The camera i
(Hitachi 16 HD) is switched on manually, but the trigger :
pulse coming from the photodiode activates an event-marker
and a time mark-generator on the film.

Fig. 4.10 shows some frames from one film at 100 fr/s.
It can be easily observed the crossing point of the two la-
ser beams of the LDV system and the burning surface displa-
cement.

In 211 runs the mean gas phase velocity was compared
with the corresponding condensed phase burning rate measured
by standard fuse wire techniques or optical methods. Results
agree satisfactorily on the basis of a steady state mass ba-
lance:

(4.5.1) U = Eﬁ/pg = R pc/pg

being p. and Pg the condensed phase and the gas phase densi-
ties, and R theé condensed phase burning rate. Typical results
are summarized in Table 4.2, in which mean values of the
measured quantities R and'U are reported. For comparison,
values of U evaluated from the measured burning rates are al-
so reported. It must be noted that in all runs a large gas
velocity dispersion (up to 20%) was observed around the mean
value, This is difficult to explain on the basis of fluidy-
namics considerations, but could be due to a polydisperse
particle size distribution and the consequent difficulty for
larger particles or agglomerates to follow accurately the gas
flow. Another critical parameter in the use of the above e-
quation is the gas temperature; this was not directly measur-
ed, but only estimated from available data (Ref. 27),
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So far, only tests in a steady state situation at
pressure up to 10 atm were performed, but data collected
Ki suggest the possibility of reasonable measurements of
- gas phase velocity also in unsteady conditions. This is
“demonstrated in Figs. 4.11 and 4.12 in which the velocity
profile near the burning surface is well resolved. In ab-
scissa there is time which is proportional to the surface
displacement. Mean velocity values were evaluated over
. about 50 samples and a time window of .25 s. The error
. bar is defined by + s, the standard deviation. Because
= the burning rate was about 3 mm/s, the 1 s time interval
. corresponds to a 4 mm displacement over the burning sur-
face. The propellant is a noncatalyzed Double Base (DB) 1
‘ burning at a pressure of 4 and 7 ata. It is clearly ob~
served the velocity increase near the burning surface up
to a steady state situation.

' Sec. 4.6 - CONCLUSIONS i

Data collected up to now suggest the possibility of i
LDV measurements in the gaseous region above the burning |
surface of a solid propellant. So far, only tests in a
steady state situation at pressure up to 10 atm were per-
formed, but experimental work is in further progress.

( Some aspects of LDV results arc not completely under-

stood right now. The velocity measurements seem to show

more complicated profiles than expected. In fact, compari-

son with shadograph movies (4000 fr/s) at similar test con- 4
ditions suggests a quasi-monodimensional laminar gas flow,

unless of turbulence time scale well above the movie speed.

The discrepancy with the presumed steady state laminar

flame conditions is likely due to the polydisperse particle

size distribution and the consequent difficulty for larger

particles or agglomerates to follow accurately the gas flow.

To overcome these difficulties, special propellants
will be tested, seeded with monodisperse alumina particle
and with assigned particle concentration. Moreover, some
modifications of the strand burner, by inserting new larger
windows, will allow a better optical access for shadograph
movies.

VYA

To improve the LDV instrumentation, the optics will
be implemented by an higher power laser and a rotable beam
splitter unit that would allow to measure other velocity
components beside the axial.

-

Pl .
O

The possibility of reasonable measurements of gas
phase velocity and burning rate by laser techniques has
been clearly demonstrated in steady-state conditions. LDV
. measurements can be extended also to unsteady conditions o
. and this is a very important result because the LDV is the
only technique capable of space and time resolved measure- :
ments in such hostile environmental. }
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scale: 1.15 m/s/div).

4.7 - LDV resulis for a noncatalyzed DB propellant.
Upper trace: pressure vs time (vert, scale:
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LDV analog ocutput vs time (vert,scale:1.15 m/s/div).

4.8 - LDV results for an AP-based composite propellant.
Upper trace: pressure vs time (vert. scale: 2 atm/
div; horiz. scale: 0.5 s/div}. Lower trace: LDV
analog output vs time (vert., scale: 2.30 m/s/div}).,

4.9 - Example of the photodiode voltage output of Fig.
4,4 (trace 1); output of the pressure transducer
{trace 2).

Fig.4.10 - Six frames from a color movie at 100 fr/s.
Fig.4.71 ~ Velocity profile and standard deviation near the

combustion surface of a DB propellant burning at
4 atm of pressure. DB noncatalyzed.

Fig.4.12 - Velocity profile and standard deviation near the

combustion surface of a DB propellant burning at
7 atm of pressure. DB noncatalyzed.




TABLE 4.1

Typical optical features of the LDV experimental set—up used in this work

Laser wavelength, A

Cross—angle, P

Fringe spacing = A/(2 sin()?/Z)) =

Probe volume dimensions

Fringe number (effective)
Collecting solid angle,-rl
‘Dead zone thickness (h = r tg}?)

632.8 nm

4.70°
7.7Ivun
3 x0.15 x 0,15 mm

20
4° - 6°

3

0.25 mm (r = 3mm)
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CHAPTER 5 - CONCLUSIONS AND FUTURE WORK

Sec. 5.1 - CONCLUSIONS

A nonlinear stability analysis of solid propellant burn-
ing was carried out, within the framework of a thermal theory
and for quasi-steady gas phase, allowing for finite size di-~
sturbances. This required an integral method in reducing the
partial differential equation for the condensed phase heat
transfer to an approximate ordinary differential equation. It
is shown that a nonlinear algebraic function, called restoring
function, can be defined that contains all basic properties of
equilibrium and stability of burning solid propellants. This
function does not depend on time, but only on the nature of
the solid propellant (including its flame) and the operating
conditions (pressure, ambient temperature, and energy exchange
with surrounding). Analysis of the nonlinear algebraic restor-
ing function reveals that two well defined burning regimes ex-
ist, each limited by stability boundaries: the static and the
dynamic regimes., Of these two, the region of dynamic burning
is wider, in that under dynamic conditions propellant may
pass through a region which is statically forbidden but dyna-
mically stable.

The static regime can be observed experimentally and
therefore can be studied also in the framework of Zeldovich
approach. The statically stable steady solution is either
stationary or self-sustained oscillating. The static burning
boundary is defined as that ultimate burning condition, at
constant pressure and for a given set of operating conditions,
below which steady solutions are no longer found. Pressure de-
flagration limit is defined as that minimum pressure, for a
given set of operating conditions, below which steady solu-
tions are no longer statically stable. Methods are suggested
as to the prediction of both static boundaries.

The dynamic regime cannot be observed experimentally in a
stationary mode and can only be studied in the framework of a
flame model. In general, a lower (burning rate below the stea-
dy value) dynamic stability boundary is always found, except
for large enough ambient temperature and/or (external) radiant
flux, Moreover, for each propellant an appropriate combination
of pressure and surface heat release exists for which lower
and upper (burning rate above the steady value) dynamic stabi-
lity boundaries are found. The lower dynamic stability bounda-
ry is defined as that ultimate burning condition beyond which
extinction necessarily follows during a burning transient.The
upper dynamic stability boundary implies vigorous accelera-
tions of the combustion wave, possibly followed by dynamic ex-
tinction.

It is shown that the lower dynamic stability boundary
holds true both for deradiation and/or depressurization, for
opaque as well as transparent condensed phase, for fast dece-
leration of the combustion wave (e.g., by depressurization)
as well as for fast acceleration (e.g., by pressurization) if
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an excessively large burning rate overshoot is attained. The
lower dynamic stability boundary was determined as an asymp-
totic (in time} boundary for arbitrary but levelling off ex-
ternal controlling parameters and instantaneous boundary for
monotonically decreasing external controlling parameters., If
no change in time of the external controlling parameters oc-
curs, the propellant is only subjected to random intrinsic
disturbances and the static stability analysis apply. If the
effect of the time change of the external controlling para-
meters (nonautonomous function) is negligible compared to
the restoring function, the lower dynamic stability boundary
collapses to the range of influence of the statically stable
equilibrium configuration and therefore holds true for any
time (even finite) and for any external law (even non mono-
tonic or levelling off),

MTS, KTSS nonlinear, KTSS linearized, KZ, and LC unstea-
dy flame models were implemented in this study. While KTSS
linearized, KZ, or LC are of no value for burning rate less
than about 90% of the steady state value, very reasonable
and similar results are displayed by MTS and KTSS nonlinear.
However, MTS flame model is considered superior since it
accounts also for chemical kinetics (but it requires two con-
stants to be evaluated).

The order of the polynomial chosen to approximate the di-
sturbance thermal profile in the condensed phase does not af-
fect qualitatively the shape of the restoring function. A cu-
bic law was found to give accurate predictions for pressures
up to about 30 atm; a quadratic law may be more appropriate
for larger pressures. This point is under investigation.

The validity of this nonlinear stability theory was veri-
fied by computer simulated transients. In general, excellent a-
greement was found between the analytical predictions and the
numerical results obtained by integration of the governing par-
tial differential equation. Numerical values are given only for
a particular, ammonium perchlorate based, composite propellant.
It is felt, however, that all analyses were conducted from a
broad point of view and, therefore, the conceptual findings may
be extended to other types of solid propellants, provided a pro-
per flame model is employed. The point we wish to make is that
the numerical integration of the basic set of equations in terms
of the PDE suggests the existence of a no-return point for fast
transients and defines its value by a trial and error procedure.
The values obtained in several different configurations are in
excellent agreement with the predictions made from an analysis
of the approximate ODE describing the system. This also con-
firms that the static stability boundary, as determined for ex-
ample in the Zeldovich approach, has no relevance in dynamic
disturbances of finite size,
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The above result of detecting recovery points down .to 6g%0.6
is important only to the extent to which it illustrates the val-
idity of the analytical developments of this report. Indeed, it
is very questionable whether chemical processes are still active
at such low surface temperature. Moreover, heat loss mechanisms
are very likely not negligible in that surfarz temperature ran-
ge. All this implies that more sophisticated flame models have
to be considered, if one wishes accurate results in the marginal
domains of burning. Incidentally, it was observed that changes
in the decay rate are most effective in affecting the overall
fate of the dynamic history if realized in the early porticn
of the transition.

It is felt that conclusive evidence was offered for: (1)
the existence of several static burning regimes (stationary
burning, damped oscillatory burning, self-sustained oscilla-
tory burning, extinction); (2) the capability of the proposed
theory to predict pressure deflagration limit even for adiaba-
tic combustion waves. In conclusion, the nonlinear static re-
storing function cantains all basic properties of equilibrium ;
and asymptotic (both static and dynamic) stability of burning i
solid propellants, even for finite size disturbances,provided
that the external forcing terms are monotonic or level off intime.

Experimental work is in progress. Three different solid
propellants are being characterized: an ammonium perchlorate
based composite, a catalyzed double - base, and a noncatalyz-
ed double -~ base. Steady state burning rates are measured in
a strand burner; thermal profiles in the condensed phase and
radiative emissions are detected; pictures and high speed mo-
vies are taken. Depressurization and pressurization tests are
conducted respectively in a specifically designed strand bur-
ner and piston tube. Laser doppler anemometry is applied to
burning propellants to measure the gas velocity in the plume
of the sample. Experimental results so far obtained gualitati-
vely agree with the theoretical predictions. .
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Sec., 5.2 - FUTURE WORK

The delicate assumption of a pclynomial space dependence
of the disturbance thermal profile has tc be further investi-
gated. Other quasi-steady models shall be tested and compared;
but the guasi-steady gas phase assumption has to be properly
qualified. The Zeldovich apprcach shall be examined and in-
cluded in the proposed nonlinear combustion stability theory.
Variable thermal properties in the condensed phase shall be
accounted for. Considering the importance of the condensed
phase heat release, the assumptions of concentrated chemical
reactions at the burning surface shall be dropped. Exact pre-
dictions of the oscillating burning pericd have yet to be
proposed. Extension of the propoccd theory to the igniticn pro-
blem will be continued., Extension of both, stability theory
and computer simulsted tests, to high pressure range (above
60 atm) and low pressure range (below 1 atm) will be done.
Very likely, the subatmospheric pressure range will reguire
a careful choice of the flame model, including its steady
state aspeocts.

Experimentally, further data on combustion vs extinction
will be furnished both from depressurization strand burner
and piston tube. This should allow a gquantitative comparison
between predicted and experimentally observed dynamic stabili-
ty boundaries. Further data are also expected from the laser
doppler velocimetry apparatus. The behavior of the steady de-~
flagraticn wave at low pressure is of particular interest;
more sophisticated diagnostic techniques are plianned,
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